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THE REFLECTION OF LIGHT FROM A SPHERE 
By Evucene M. BEerry 


ABSTRACT 
When parallel light is reflected from a small perfect reflecting sphere the illumination is 
approximately independent of the angle of incidence and reflection. A formula is developed 
to study this approximation. Also a formula is given for the case of a sphere which is not 
supposed to be perfectly reflecting but reflects according to some law like Fresnel’s reflection 
law. 

When parallel light is reflected from a small sphere, which is supposed 
to be a perfect reflector, the illumination and also the solid angular 
flux density is approximately independent of the angle of incidence and 
reflection. It is interesting to see how close this approximation is. 
The method is to take two concentric spheres, a small one of radius r 
which is the reflecting surface, and a large one of radius R which is 
illuminated by reflection from the small sphere. We will compare the 
area of cross-section of an infinitesimal element of the incident beam 
with the area on the large sphere illuminated by reflection of this 
infinitesimal element. 

Fig. 1 represents a cross-section of a portion of the two concentric 
spheres. Suppose the incident rays are parallel to the line AO. An 
element of area of cross-section dH of the incident beam will be re- 
flected by the small sphere so as to illuminate an element of area dA 
on the inside surface of the large sphere. Let Jo be the flux density or 
intensity of the incident light and J the flux density of the reflected 
light or illumination at the surface of the large sphere. Then we will 
. Ioh = (1) 

dA 

Let dH be the area included in the ring between the concentric circles 
whose radii are h and h+dh. In the figure let QC and Q’C’ be two rays 
whose distances from AO are h and h+dh respectively. Let these rays 
be reflected to P and P’ on the large circle. Let s be the arc AP and let 
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ds be the arc PP’ which corresponds to dh. Let dA be the area of the 
zone formed by revolving the arc ds about the line AO as an axis. 
Draw OB parallel to CP and PM perpendicular to AO. Let 6 be the 
actual angle of incidence and of reflection then we have 

@= <AOD = <QCD =4<AOB=4$<QCP. 
Let a= <AOQ= <POB (2) 
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Fic. 1. A diagram for showing the reflection of parallel light from a sphere. 


then s=(20—a)R 
and a aR(25-S). (3) 
dh dh dh 
From the figure we have sind =h/r 
dé ss (4) 
dh rcosé 
Also sina=h/R 


dh OR cos a 
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From (3), (4), and (5) we get 





ds_ 2 R- 1—_7 £98 6 ) 

dh rcosé@ 2 Recosa 

dh _r cos "(a-2e" )- (6) 
ds 2R 2 Rcosa 


Now revolve the figure about AO as an axis, then H is the area 
generated by h and A is the area generated by s. 
d 1H dh 
We have — aed — os (7) 
dA dhdsdA 
Now H=rh® ». dH/dh=2xh=2zr sin 9. (8) 
We see from the figure that 
dA =2xPM ds=2zR sin (g)ds, 
then using equation (2) we get 
dA _ 2 R sin 26 (cos a—cot 26 sin a) (9) 
ds 
where sin a=(r/R) sin 6. 
From (1), (6), (7), (8), and (9) we get 


IT=Io arth VY (6) (10) 

4 2 

[. @ 
where mi =» @1—— sn —_= € cos 6+sin @ cot 20) 
v(6) R’ R \2 

r> cos’ 26 

~~ 11) 
i —" sin? @ ( 
R? 
Expanding 4 in power of r/R we get 
V(6) 


1 


—=1- -(; cos 6+sin @cot 2 0)+(z) (: cos 2 tins sin 6) 
v (6) R\2 R 4 2 
awe : PF 
+{ - - cos 26 sin @—- sin °) we (12) 
R 8 8 


which is convergent when r/R< 1. This is easily done by using the 
binomial theorem on the two radicals in equation (11). The coefficient 
of r/R will be infinite for @=90° but the coefficients of the higher powers 
of r/R are each less than one for all values of 6. The first two terms of 
equation (12) give a fairly good approximation for small values of r/R. 
Even for r/R=0.1 the error in this approximation is less than 1%. 
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v(@) is proportional to J, the flux density or illumination of the 
reflected light, and also to C, the solid angular flux density, the center 
being taken as the center of the small reflecting sphere. This is plotted 
in Fig. 2 from either equation (11) or (12), for r/R=0.1, r/R=0.01 
and r/R=0.001. This shows us the variation of J, or C, with @ the angle 
of incidence and of reflection for the reflection from a perfect reflecting 
sphere of radius r for the three distances 10 r, 100 r and 100 r respec- 
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Fic. 2. Showing the reflection of parallel light froma perfect reflecting sphere of radius, 
r for the three different distances 10r, 100r and 1000r. 


tively. From this we see that for r/R<0.001 J, or C, is very nearly 
independent of the angle of incidence and of reflection for 9<80°. 
In fact in this case the variation in J or C is less than four tenths of one 
percent. 

If instead of assuming perfect reflection at the surface of the sphere 
we assumed any reflection law, F (6) like Fresnel’s reflection law for 
example, we would have instead of (10) 


2 
I =Iy —— F(6) (0). (13) 
4 R? 


PurDUE UNIVERSITY, 
LAFAYETTE, INDIANA. 
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A VARIABLE APERTURE ROTATING SECTORED DISC 
By HersBert E. Ives 


Among the several means for varying the intensity of a beam of 
light, it has long been recognized that the rotating sectored disc presents 
many advantages. This is particularly true where the light to be meas- 
ured passes through spectroscopic or other apparatus which practically 
precludes the possibility of using the inverse square law of variation of 
intensity with distance. 

The usual sectored disc equipment of a photometric laboratory 
consists of a series of discs of various openings, or a single compound 
disc composed of two simple sectored discs face to face, whose relative 
angular positions may be changed so as to provide effectively a series 
of any desired number of openings: In either case, however, the opening 
once chosen before the disc is set in rotation must be adhered to. 

In order for the sectored disc to be of maximum utility some means 
is needed by which the aperture can be continuously varied while the 
disc is in rotation, and, equally important, means by which the size 
of the aperture may be accurately read without stopping the disc. 
Sectored discs whose aperture can be controlled while running have been 
devised by Abney, Marbe, Lummer and Brodhun, Brodhun, and others, 
utilizing several mechanical principles. The deficiency of these devices 
is in general that the settings of the slots, sleeves, chains and other 
means used to control the relative positions of the two component discs 
cannot be accurately correlated with the resultant disc opening, due 
to lost motion, stretching and other transmission errors. To secure the 
accuracy required in photometric measurement it becomes necessary 
to have auxiliary means for determining the opening instantaneously. 
Marbe used for this purpose a right angled prism carried by one of the 
discs opposite a scale on the disc, and a second totally reflecting prism 
on the axis of the discs, rotated at half speed, so that a stationary 
image of the scale could be seen by observation along the axis. Lummer 
and Brodhun used small mirrors or lenses rotating with the disc so that 
the attached scale was seen for brief enough intervals to appear prac- 
tically stationary. Recently Pfund* has utilized intermittent illumina- 
tion of the scale, by placing a slot in the periphery of the disc and 

! See Liebenthal “Praktische Photometrie,” p. 206. 
? Jnl. Franklin Institute, p. 641; May, 1922. 
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concentrating the light from a tungsten filament on the scale by re- 
flection from a concave mirror, pierced to give an observing aperture. 
This reading device in combination with the Abney opening control 
makes a very practical and simple variable aperture disc apparatus. 

The disc about to be described was designed not only to give the 
continuously variable opening achieved in former devices, but also so 
that the aperture could be read from the position of the controlling 
mechanism, without the use of stroboscopic or other auxilliary means. 


Heuicar Serine r Bever Gear ATracueo To Disc 


Bevel Gear Attacneo To Disc —— | -—Bever Gear Artacneo To Axce 
Bevet Gear Atracueno To Axce | 
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Fic. 1. Variable aperture sector disc with all covers removed to show construction. 


The mechanical scheme used to achieve this result is similar to one 
previously utilized by Keuffel® in the design of a disc for use in front 
of a narrow slit. In Keuffel’s apparatus one disc is rigidly attached to 
the driving axle, the other disc floats on the axle, and is driven from the 
first disc, and in the opposite direction to it, by an idler with a bevel 
gear engaging in bevel gears on each disc. The idler is mounted so 
that its axle may be rotated about the axle of the discs in a plane 


Described at the 1921 meeting of the Optical Society of America 
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parallel to the discs. Owing to the two component discs rotating in 
opposite directions the transmission of the two together varies be- 
tween zero, along one radius, to a maximum of 50 percent along a radius 
at some angle with the first radius fixed by the number of apertures 
used. As the idler is rotated this pattern of variable transmission is 
likewise rotated, and its position may be read off a scale attached to 
the idler control. 


Fic. 2. Disc with gear grease-cups in place. 


In the new apparatus both component discs float upon the driving 
axle, the action of the latter is transmitted through two idlers by means 
of bevel gears, and the relative angular positions of the discs are 
altered by turning one of the idlers about the axis of rotation of the 
discs. By this means the transmission of the compound disc is made 
the same at all angles, and the restriction to use with a narrow beam 
of light such as that through a slit is removed. The construction and 
method of operation of the new disc are well shown by the annoted 
photograph, Fig. 1. The two discs, each provided with four openings, 
are rigidly attached to bevel gears, but discs and gears ride loosely 
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re 
upon the driving axle. The disc bevel gears engage in the stationary 
and movable idlers as shown, and these in turn engage the bevel gears 
attached rigidly to the driving axle. By this arrangement the discs 
are driven at the same speed but in the opposite direction to the 
motion of the axle. The movable idler axis stands at an angle to the 
fixed idler axis which is varied by a control handle. The control 
handle works through a worm engaging a worm rack on a quadrant 
attached to the idler mounting. The quadrant also carries a scale 
which moves past a pointer attached to the framework, and indicates 
the opening. 


Fic. 3. Disc with covers in piace. 


Fig. 2 shows the apparatus as equipped with grease cups around the 
gears, and Fig. 3 shows its appearance with the covers which are ordi- 
narily in place over the driving parts. A few details of construction 
are worth noting. Important among these is the helical spring, by 
which the two discs are pushed to their maximum angular separation, 
thus taking up any lost motion in the gears. A second important detail, 
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which is also planned for the purpose of preventing lost motion, is the 
division of the worm, which controls the movable idler, into two parts, 
one sliding on a key on its axle, under pressure of a helical spring. 
By the adoption of these schemes the variation of aperture of the disc 
is made absolutely positive. In the apparatus as first built a certain 
amount of noise was produced by the rattling of the two discs against 
each other. This was remedied in the final form by making the discs 
heavier. Those shown in Figs. 2 and 3 are 14” thick at the center, 
tapering to 3/32” at the periphery. A diameter of 14 inches was 
adopted for the discs, which makes the apparatus of ample size to use 
with standard photometer heads on full size precision photometer 
tracks. The bevel gears are three inches in diameter with 144 teeth. 

The apparatus as constructed realizes completely the purposes for 
which it was designed. The aperture is varied smoothly and easily, 
and is read directly and accurately on the scale. It is operated nor- 
mally at a speed of 1200 R.P.M. which is attained by the use of a 
14 H.P. motor driving by means of a belt. This speed (80 cycles per 
second) is ample to prevent flicker at the field brightnesses ordinarily 
utilized in practical photometry. The least satisfactory feature of 
the device is the rather considerable noise of operation, which is 
characteristic of gear driven machines. This has however been so 
greatly reduced by the use of heavy grease in the grease cups shown 
in Fig. 2 as not to constitute a serious defect. 

RESEARCH LABORATORIES OF THE 


AMERICAN TELEPHONE AND TELEGRAPH Co. 
AND WESTERN ELectric Company, INC. 


Determination of Focal Lengths and Principal Planes.—This 
communication from the Zeiss works describes a method of determining 
the focal length and principal planes which is applicable to systems of 
lenses and mirrors of positive or negative power neither of the focal 
planes of which may be accessible. With the aid if necessary of an 
auxiliary optical train, parallel rays are obtained from the system to 
be measured. The object or auxiliary train being kept stationary, the 
system under measurement is displaced a distance 7; from its position 
for parallel light and the location of the corresponding image noted. 
A second observation is made with a different displacement rz. If the 
distance between these two image positions is denoted by d’, it is 

d'(r2—r;) 


shown that f?=— . The appropriate procedure for similarly 
Tile 


finding the principal planes is also described and an outline given of an 
autocollimation method for increasing the precision. The author states 
that his method is particularly suited for systems with focal lengths of 
5 to 30mm. [H. Erfle. ZS. f. Inst. 43, p. 54; Feb., 1923.] L. Benr 
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Ultraviolet Radiation. By M. Luckiesh, Director of Applied Science, 
Nela Research Laboratories. xi+258 pp. The D. Van Nostrand 
Company, 8 Warren St., New York. 

This book has apparently been written from the standpoint of those 
to whom “this form of energy is now of practical value” and not for 
those who are interested in ultraviolet radiation because of its bearing 
upon present-day theories of matter and energy, for “theory has 
purposely been subordinated to experimental facts because the latter 
are not affected by the inevitable changes in theory.” (Quotations 
are from the preface.) Thus the biologist, interested in studying the 
various effects of ultraviolet on living matter; the physician, interested 
in therapeutic effects; the chemist, interested in photochemical phe- 
nomena; the bacteriologist, studying germacidal agencies; all these 
will find in the book much valuable data and information. For this 
very reason, however, the book will probably not appeal to physicists, 
particularly those who are studying ultraviolet phenomena as a part of 
larger physical problems. 

After an introductory chapter giving a very brief historical sketch, 
comes a chapter on Solar Radiation in which particular reference is 
made to the transmission and absorption of the earth’s atmosphere. 
Then follow five chapters on the Transparency of Gases, of Liquids, 
of Solids, and of Glasses and on the Reflection of Ultraviolet Radiation. 
These chapters contain a considerable amount of data on absorption 
and reflection coefficients, partly in the form of tables and partly in the 
form of descriptive matter. Chapters viii and ix discuss the ultra- 
violet content of common illuminants and of various experimental 
sources. A resume of methods of detection and measurement of 
ultraviolet is given in Chapter x. The last two chapters discuss, 
respectively, the effect on living matter and various photochemical 
effects. 

Numerous references to original sources are given. In fact, in 
places the text reads like an abbreviated ‘“‘Science Abstracts” or per- 
haps more like a “‘Report of Progress” of the Illuminating Engineering 
Society. Frequently one fails to see the connection between one 
paragraph and the next. 

It is unfortunate that the book is not better arranged for reference 
purposes, so as to make more readily available the considerable amount 
of information which it contains. There are no sub-heads under 
chapters, no captions for paragraphs, no table of contents, and the 
index is not particularly complete. Nor is there an index to the thirty 
odd tables of data. Further, one could wish that a somewhat more 
logical order of presentation of material had been followed. Note, for 
example, that the chapter on “Detection and Measurement” is one 
of the /ast chapters in the book. 

Nevertheless, the author has done a valuable piece of work in col- 
lecting and presenting this rather widely scattered material. 

F. K. RICHTMYER 





A LOW VOLTAGE, LOW WATTAGE MERCURY LAMP 
By E. L. HarrIncTton 
ABSTRACT 


A mercury lamp is described which will operate on any D. C. source maintaining as 
high a potential as say 25 volts, and give an intrinsically brilliant source of capillary tube 
dimensions and suitable for laboratory, demonstration, and research work. 


DESCRIPTION 
The accompanying figures illustrate two forms of a mercury lamp 


which has been found of great use because of its intrinsic brilliancy, 
convenience and compactness, and adaptability for operating on low 


voltage and thereby necessitating no induction coil. The lamp is 
constructed of pyrex glass with tungsten lead-in wires. The matter of 
particular dimensions is not of vital importance and those employed 
may as well be determined largely by the glass stock available. The 
ones here described have approximately the following dimensions: 
E, the expansion and condensation chamber, 16 x 40 mm, C, a thick- 
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walled capillary tube section 25 mm long and having a bore of about 
1.5 mm, D, a small bulb below which there is a 40 mm length of small 
tubing having at the lower end a tungsten lead-in wire. In the first 
type shown this section is bent slightly to one side to facilitate in 
heating. For lamps which are to be operated for only brief periods of 
time soft glass with platinum leads will answer the purpose. Obviously 
for exhaustion purposes there must be a suitable length of tubing con- 
nected by a constriction to the upper end of E. 

When the glass work above described has been completed the tube 
is thoroughly cleansed and filled to the point shown with chemically 
pure mercury. It is then attached to a high vacuum pump and all 
parts thoroughly heated and the mercury boiled for at least a half 
hour before the lamp is tipped off. Suitable leads of flexible wire are 
wrapped about the tungsten loops and a drop of solder applied, for it 
is essential that there be no loose connections since the slightest inter- 
ruption of the current will stop the lamp’s operation. 


OPERATION 


The lamp will operate only on a d.c. source and it is absolutely essen- 
tial that the lower lead be made negative. Until the operating charac- 
teristics of a given lamp have been determined an ammeter should be 
used in series with the lamp and its control resistance as shown in 
Fig. 1. The current required to maintain the discharge varies with 
the lamp but is of the order of .5 to .8 amperes for lamps of the dimen- 
sions above given, so the control resistance needed may be estimated 
from this value and the known voltage of the source émployed. The 
drop in potential across the lamp depends upon the length and bore of 
the capillary tube and the operating temperature but ranges from 20 to 
30 volts. 

To start the lamp the circuit is completed through the unbroken 
column of mercury and the current adjusted to a value slightly higher 
than found necessary to maintain the arc. The type shown in Fig. 2 
has to be tipped to one side to complete the mercury column. A small 
Bunsen flame is now applied at the point D until the mercury is made 
to boil. The first bubble of mercury vapor clears the tube above D of 
mercury and furnishes the necessary vapor for carrying the discharge, 
and at the instant of breaking creates what is known as the “‘hot spot”’ 
on the cathode surface at D, without which the current will not pass 
no matter how hot the vapor may be. It is utter folly and also danger- 
ous to try to get this or any other mercury lamp to start by heat alone, 
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as it is necessary to first establish the current and then the hot spot 
by breaking the column. (Except in devices employing high poten- 
tial starters.) After the lamp is started the current is adjusted to the 
minimum value found adequate to maintain the discharge. Usually 
the current may be reduced somewhat after the lamp has become 
thoroughly heated. In operation the mercury in type 1 is continually 
supported by the mercury vapor in the capillary and it will automati- 
cally restore connection should the lamp for any reason cease burning. 
After type 2 has been started and made vertical the mercury in E is 
away from the end of the capillary, and while this makes for a little 
steadier operation it renders it necessary to slightly tip the lamp each 
time it is started. Should the lamp go out on account of insufficient 
current or interruption of supply line it can often be started by tipping 
or jarring the mercury into brief contact without re-heating. If this 
does not succeed then one waits until the mercury column is completed 
and then applies the flame as in the beginning, but the flame must 
never be applied until a flow of current indicates the column is complete. 
After the lamp is once started it will operate in any position so long as 
the leads are covered. One of the advantages of this lamp lies in its 
great intrinsic brilliancy which comes from the concentration of its 
discharge to such a small volume, but it should be borne in mind that 
this brilliancy may be purchased at the expense of shortened life if 
excessive currents are carried for even in normal operation the tempera- 
ture of the glass in the constriction is near enough the softening point 
of the glass to justify due attention to this point. 


RESULTS 


As mentioned above the discharge is very concentrated and intrin- 
sically brilliant, in fact much too strong for the comfort of the un- 
protected eye. When viewed through a diffraction grating, say of 
15,000 lines/in. held simply in the hand, the lines of mercury arc 
spectra stand out brightly enough to be seen even in the second or 
third order in a semidarkened room, and parts of the fourth or fifth 
order may be seen in a well darkened room, the capillary tube serving 
as its own slit. This makes the lamp very useful for demonstration 
as well as for the numerous experiments in optics requiring a mercury 
lamp of high intensity. When used with the wave length spectrometer 
it gives fully as strong lines as those given by the larger mercury arc 
lamps frequently employed when the fainter lines of the mercury 
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spectrum are being studied, and its compactness enables it to be used 
more efficiently, and the rest of the room may be more easily shielded 
than in the case of the larger lamps. 
UNIVERSITY OF SASKATCHEWAN, 
SASKATOON, SASK., CAN. 


Quantum Theory of Double and Multiple Lines in Series 
Spectra.—To explain double and multiple lines in series spectra, 
Sommerfeld introduces a precessional motion and a new quantum- 
number, the “inner” quantum number j, into the atom-model. The 
previously accepted quantum numbers nm and k determine the plane 
orbit in which the valence electron travels; the new quantum number 
represents the total angular momentum of the atom, and determines 
the angle between the normal to the orbital plane and the direction of 
the (vector of) total angular momentum, about which direction the 
normal precesses. The energy of an electron in a particular (, k) orbit 
depends on the precession, so that effectively there are as many orbits 
having a given pair of values of m and k, as there are permissible values 
of 7. 

Sommerfeld and Heisenberg write down the expression for the motion 
of the electron in its orbit in the precessing orbital plane; and, by apply- 
ing the principle of correspondence they deduce, from the relative values 
of the coefficients in the several terms of this expression, the relative 
probabilities of the various conceivable transitions. Thus they find 
that the electron can go from one orbit to another only if the value of j 
in the latter orbit is equal to, or one less than, or one greater than, its 
value in the former; and that the most probable transitions are those 
in which the change in 7 is equal to the change ink. From these and 
other similar rules they deduce that certain components in multiple 
lines should be weaker than other components, and that certain compo- 
nents should be missing altogether unless the state of affairs in the 
atom is altered by a strong applied magnetic field. These deductions 
are compared with observations on the spectra of alkali metals, alkaline 
earth metals, manganese and chromium, with results which they 
regard as substantiating the theory. 

The Zeeman effect of multiple lines is treated in the same manner, a 
precession of the entire atom about the direction of the magnetic field 
being postulated, and a similar use being made of the principle of 
correspondence. [A. Sommerfeld and W. Heisenberg, ZS. f. Physik, 1/, 
pp. 131-154; 1922.] K. K. Darrow 


Easy Method of Observing the Stark Effect.—Stark effect separa- 
tions corresponding to a field strength of 20,000 volts/cm were observed 
in a very thin layer adjacent to the lower electrode (whether cathode or 
anode) of an iron arc operated on an emf of 500 volts, or even as low 
as 100 volts. [H. Nagaoka and Y. Sugiura, Nature ///, p. 431; 1923.] 

K. K. Darrow 
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DIRECT-READING PHOTOELECTRIC MEASUREMENT OF 
SPECTRAL TRANSMISSION* 


By K. S. Grpson 


INTRODUCTION 


In 1919 the author published a paper’ under the title of “Photo- 
electric Spectrophotometry by the Null Method” which described the 
apparatus and method developed and used in the Colorimetry Section 
of the Bureau of Standards for the measurement of transmission and 
reflection in the green, blue and violet regions of the spectrum. The 
general utility of the method has been further illustrated in two other 
Bureau publications. In addition, much unpublished work of a 
routine nature (tests, etc.) has been performed. 

When the original photoelectric cells gave out, a result of cracking 
of the glass at the seals, new ones were procured which in some ways 
have never been as satisfactory as the first ones. The purpose of this 
paper is to note the difficulties encountered with the later cells with 
the resulting necessary changes of method and especially to describe 
the present method of use of the photoelectric cell by which spectral 
transmissions are read directly, eliminating all computing, with a precision 
comparable to that previously attained and with a much greater ease and 
speed of operation. The possibilities in the use of physical instruments 
for the measurement of transmission in the visible spectrum are also 
illustrated. 


SPECTRAL CHARACTERISTICS OF THE PHOTOELECTRIC CELLS 


The original cells were obtained in 1917 on B. S. Order No. 26481. 
The only one whose spectral characteristics were tested had the sensi- 
tivity curve givenin Figure 1. The later cells, obtained on B.S. Order 
No. 49749 in 1920, had sensitivity curves illustrated by cells Nos. 1 
and 3 in the same figure. Such variability in the spectral characteristics 

* Published by permission of the Director, Bureau of Standards. 

1 Jour. Opt. Soc. Am., 2, 3, p. 23; 1919. 

Bur. Standards Sci. Paper No. 349, October, 1919. 

? Bur. Stand. Tech. Paper No. 167, ‘““An Examination of the Munsell Color System,” 
September, 1920. 

Bur. Stand. Sci. Paper No. 440, “The Spectral Transmissive Properties of Dyes,” 
June, 1922. 

3 The author is indebted to Mr. C. L. Snow for these illustrations. 
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of photoelectric cells is of course well known.‘ The curves are given 
here to illustrate how much inferior some cells may be to others for 
spectral work. 


CHANGE IN THE NULL METHOD 


While such a restricting of the working range is very undesirable, a 
more serious defect of these later cells was what appeared to be a 
non-uniformity in the action of the sensitive surface. In the null 
method as described in the published papers, variation of intensity 
was obtained by moving the source of radiant energy to and from the 
slit of the spectrometer. The ratio of the squares of the distances of 
the source from the slit with the specimen in and out of the beam 
gave the transmission of the specimen. (The reader is referred to the 
original papers for details of the method. Two photoelectric cells 
with batteries were used in a null method, a balance of photoelectric 
currents being indicated by the zero motion of the disk of a quadrant 
electrometer.) It was stated that this distance was the only variable 
in the process of measuring the transmission of a specimen, all other 
factors remaining unchanged whether the specimen was in or out of 
the beam. An exception to this statement should have been made 
because of the variation in the area of the irradiation on the cell as 
the distance of the source from the slit was changed. This was small 
and apparently for the original cells introduced no error. The accuracy 
of the results was tested by agreements with other methods and by 
measurements upon rotating sectors of known aperture. 

Upon the insertion of one of the cells of Order No. 49749, however, 
it was found that the transmissions of the sectors, as measured photo- 
electrically, were no longer correct. While this might conceivably 
have been a result of the failure of Talbot’s law for this cell, it was 
considered rather to be caused by the above mentioned lack of uni- 
formity in the response of the sensitive surface.6 Acting upon this 
supposition, without any extensive effort to verify it, a change in the 
method of varying the intensity was made. Instead of varying the 
distance of the source from the slit, as formerly, the source was brought 
up near the slit permanently, and a Brodhun variable sector inserted in 
the beam. With the specimen in and out of the beam, the sector was 
adjusted in each case to give the zero motion of the electrometer disk 

* See, for example, Ives: Astrop. Jour. 40, p. 182; 1914. 


5 This may, instead, have been a result of the obstruction by the grid of the photoelectric 
cell, which might vary as the area of irradiation varied. 
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and the ratio of the sector apertures as read on the scale gave the 
transmission. The method was exactly the same as that described in 
the original paper, except that intensity variation was secured by the 
variable sector instead of the variable distance. Comparisons with 
other methods indicated a complete restoration of the accuracy of 
measurement. As it was now possible to focus the rays upon the slit, 
the sensibility was increased. The speed of operation was also a trifle 
greater. 


IRRADIATION-CURRENT CHARACTERISTICS OF THE PHOTOELECTRIC 
CELLS 

One objection to the method, however, was still present, viz., the 
tediousness of operation. Only a practised observer could make 
measurements in the time required by other methods. Since these 
cells are supposed to give a linear response of photoelectric current to 
intensity of irradiation, a Leeds and Northrup high-current-sensitivity 
galvanometer was obtained and tests of this linearity made by means 
of the Brodhun sector. The results are shown in Fig. 2. 

The same sort of test made on a thermopile (Fig. 2) showed that the 
lack of linearity was caused by the photoelectric cell, not by the sector. 
The sector had also been previously tested photometrically. Obviously 
neither photoelectric cell was suitable for precision work by the ratio- 
of-deflections method, and an attempt to calibrate No. 3 proved very 
unsatisfactory. 


THE DrrecTt-READING MEASUREMENT OF SPECTRAL TRANSMISSION 


This lack of linearity in cells supposedly satisfactory in this respect 
has been noted by Coblentz,® who recommended that the equal-deflec- 
tions method be used for precision work. This the author has now 
adopted, and by means of the variable sector with its scale calibrated 
from 0.0 to 100.0 has obtained a direct-reading transmissometer. 
The procedure is as follows: (1) Set the sector at 100.0 with the 
specimen in the beam and note the galvanometer reading; (2) remove 
the specimen and adjust the sector until the galvanometer reads the 
same as before. The resulting sector reading is the transmission of the 
specimen. 

The arrangement of the apparatus is outlined in Figure 3, and needs 
but little further comment. The same method is often used with the 
thermopile, but thermal conditions must become steady—no “drift” 
—before it can be used with precision. 


6 Bur. Stand. Sci. Paper No. 319, p. 524; June, 1918. 
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The following points are perhaps worthy of note: 
(1) Only one cell is now required whereas two were used in the 
null method. 
NATIONAL BUREAU OF STANDARDS 
DIV. 1v-3 — k.s.c. — 3/3/23 
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Fic. 2. Showing failure of photoelectric cells to measure spectral transmission correctly 
by the ratio-of-deflections method. 
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(2) The equal-deflections method eliminates the same sort of errors 
or calibrations as did the null method. These are as follows: 
(a) The question of proportionality between intensity of irradia- 
tion and photoelectric current is avoided, it making no difference 
what that relation is. 
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(b) “Dark current” in the photoelectric cell, if present, intro- 
duces no error. (This would also be true with a ratio-of-deflections 
method.) 

(c) The characteristics of the detecting instrument—in this case 
the galvanometer, previously the electrometer—need not be 
studied. Lack of proportionality of deflection with current and 
irregularities in the reading scale introduce no errors. 

(3) With the thermopile and the equal-deflections method, the 
above points under (2) are also true. Figure 2 shows, however, 
that the first point is of little significance, for the thermoelectric 
current is strictly proportional to the intensity of irradiation— 
which, of course, is the reason why the ratio-of-deflections method 
is accurate when the thermopile is used. Instead of the dark current 
in the photoelectric cell there may be thermal currents which result 
in the well known “‘drift’”’ before the thermal conditions have become 
steady. It should be emphasized again that the direct-reading 
equal-deflections method cannot be used unless this drift has become 
negligible compared to the total deflection. Otherwise readings must 
be taken symmetrically either by the equal-deflections or ratio-of- 
deflections method so as to eliminate the effect of the drift. The 
third point under (2) above is of the same significance with the 
thermoelectric circuit as with the photoelectric. 

(4) The equal-deflections method eliminates the uncertainty and 
annoyance present in the ratio-of-deflections method caused by the 
slight readjustment change in the reading after the deflection is 
apparently completed. 

(5) The direct-reading feature of the equal-deflections method 
assumes no change of conditions between the two observations. 
Since but a few seconds are required to move the specimen out of 
the beam and adjust the sector to bring the galvanometer reading 
to its previous value, this constancy of conditions with the photo- 
electric cell is easily obtainable within the other errors of observation. 
Current through the lamp is obtained from a storage battery. A few 
moments’ watching of the galvanometer insures this constancy within 
all reasonable doubt. 


PHYSICAL SPECTROTRANSMISSOMETRY IN THE VISIBLE 


It may not be out of place to illustrate that with the photoelectric 
cell and thermopile it is possible to measure spectral transmissions 
throughout the visible spectrum without recourse to a visual method. 
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Coblentz noted this in the paper already referred to, using an ironclad 
Thomson galvanometer for both methods. As generally used, this 
galvanometer is more sensitive than the d’Arsonval galvanometers; it 
is also more difficult of control and requires greater skill in operation. 
The author is using two Leeds and Northrup d’Arsonval galvanometers 
as illustrated in Fig. 3, and except for very low transmissions in the 
green and yellow has little trouble making measurements throughout 
the visible spectrum by the methods already described in this paper. 
These methods are so simple of operation and so easy of control that 
they should appeal to those who for any reason do not wish to use a 
visual method. Their disadvantage as compared with the visual! 
method, especially as a means of color specification, lies in their lower 
sensibility in the brighter parts of the spectrum. Their advantages 
consist in the elimination of the judgment and skill required to make 
accurate photometric settings and in the possibility of continuing the 
measurements into the ultra-violet and infra-red. 

To enable the reader to obtain a more intelligent understanding of 
the possibilities of these methods in the visible, Figs. 4 and 5 are given. 
A study of Fig. 4 will indicate the approximate sensibilities of the 
methods as the author has usually used them. Deflections may be 
read to a tenth of a millimeter. The following points may be noted: 

(1) With a photoelectric cell of the characteristics of the one on 
B. S. Order No. 26481, Fig. 1, the wave length range of use would 
be considerably increased over that illustrated in Fig. 4. 

(2) The deflections given in Fig. 4 would be considerably increased 
by a small increase in voltage. This has not been studied for this 
particular cell above 194 volts but an increase of 25 to 30 volts would 
perhaps double the size of the deflections before the critical voltage 
would be reached. 

(3) The slit widths which should be used will vary somewhat with 
the type of transmission at any particular wave length. Where the 
transmission curve is very steep or curving rapidly, the slit should be 
narrowed. The amount of spectrum included by various slit widths 
is shown in Fig. 4. 

(4) Because of the large obstruction of light by the variable sector, 
it is seldom attempted to use the thermoelectric direct-reading 
method below 650 my. Deflections would be perhaps doubled if a 
vacuum thermopile were used. 

(5) The photoelectric method is limited at about 390 my by the 
absorption of the large glass spectrometer prism. The thermoelectric 
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method is used into the infra-red to about 2000 my where the prism 
absorption again limits the range. 

(6) Stray radiant energy from the blue necessitates the use of 
filters at 390 and at wave lengths above 510 my with the photo- 
electric cell. Stray radiant energy introduces little if any error in 
the thermoelectric readings above 500 my, except in certain cases at 
very low transmissions. 

The Colorimetry Section of the Bureau of Standards has in its files 
a number of Jena glass samples which have been very carefully pre- 
pared. Their transmissions have been measured at various times and 
by various methods—visual, photoelectric, thermoelectric and photo- 
graphic—with the result that they are now very accurately known and 
serve as standards for the testing of any method. Six of these glasses 
were measured with the apparatus and conditions as illustrated in 
Figs. 3 and 4 and the results are shown in Fig. 5. The accuracy and 
precision of the methods may be noted from a study of the figures. The 
precision of the photoelectric measurements is further brought out by 
the fact that for each glass at each wave length two or more readings 
of transmission were made (independent wave length settings), but 
the results were usually so nearly alike that they cannot be distinguished 
on the plot. It may be noted that values based solely upon the photo- 
electric and thermoelectric methods would be but slightly different 
from the adopted curves even in the green, yellow and orange where 
they have lower sensibility and where the adopted curves have been 
taken with special reference to visual determinations on the Ké6nig- 
Martens spectrophotometer. 


SUMMARY 


The principal points which the author wishes to bring out in this 
paper may be summarized as follows: 

(1) A direct-reading photoelectric method of measuring spectral 
transmission has been developed by the proper combination of the 
Brodhun variable sector and the equal-deflections method. It 
eliminates the errors, uncertainties or calibrations connected with 
the current-irradiation characteristics and dark currents of the 
photoelectric cell and the characteristics of the detecting instrument. 
It has a precision comparable with the null method previously used 
by the author and with that of any other method over the respective 
proper wave length ranges. The speed of operation is high and 
there is no computing to be done. By plotting the values as fast 
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as obtained, blunders and occasional poor readings may be at once 
detected and a repetition of the reading made. 

(2) The same direct-reading method may be used with the thermo- 
pile provided the thermal drift is negligible. Because of the obstruc- 
tion of the radiant energy by the rotating sector, however, the method 
with the present apparatus is too insensitive for precise work in 
most of the visible spectrum but is being used very satisfactorily in 
the red and near infra-red. 

(3) By means of the photoelectric direct-reading method and the 
thermoelectric ratio-of-deflections method, transmissions may be 
reliably measured throughout the visible spectrum without recourse 
to a visual method and with apparatus easy of control and operation. 


NATIONAL BUREAU OF STANDARDS, 
Aprit 19th, 1923. 


The Dissociation of Hydrogen Molecules by Mercury Atoms in 
the Metastable State.—The energy required to dissociate a hydro- 
gen molecule is equal to that of a quantum of wave length 3200A 
approximately; but gaseous hydrogen does not absorb light of this wave 
length nor of any wave length between this and the least wave length 
which can penetrate through the glass or quartz walls of a tube contain- 
ing hydrogen. On the other hand quanta of wave length 2536 can pene- 
trate through a quartz wall into a mixture of hydrogen and mercury 
vapor and can there be absorbed by mercury atoms, each absorbed 
quantum putting a mercury atom into a so-called “metastable” state 
with its valence electron displaced outwards from its normal orbit. 
Can such a metastable mercury atom transfer its newly acquired energy 
to a hydrogen molecule and dissociate the latter? Cario and Franck find 
that when they establish these experimental conditions, and in addition 
provide some copper oxide or tungsten trioxide which eliminates 
atomic hydrogen as it is formed (by oxidizing it to water vapor, which 
is then frozen out by a liquid-air trap) the pressure of hydrogen in the 
tube diminishes steadily. Neither this diminution of pressure, nor the 
reduction of the oxide, takes place if the mercury vapor is withdrawn, 
or if the core of the incident beam consisting of the broadened 2536 
line is removed by reversal; the rate of diminution of pressure in- 
creases asymptotically as the density of the hydrogen is increased, as 
if approaching a state in which all the mercury atoms which absorb 
quanta use them to dissociate hydrogen molecules. Other control 
experiments indicate that dissociation of hydrogen is taking place. 
[G. Cario and J. Franck (Géttingen) ZS. f. Physik, 11, pp. 161-166; 
1922.] 

K. K. Darrow 














GRINDING NON-SPHERICAL LENSES 
By Ropert V. Morse 


As Mr. Rayton remarks, in his excellent article on non-spherical 
lenses in the February number of the JouRNAL, the computation of 
non-spherical surfaces to eliminate one or more of the usual aberrations 
has fascinated the theoretical optician since the time of Kepler. But as 
a practical matter, opticians have been compelled to work with spherical 
surfaces since the time of Galileo, because the natural tendency of the 
mechanical process of grinding is to create uniformity of curvature, and 
thus automatically produce spherical surfaces. Certain empirical 
methods, such as rubbing with the finger, have produced good parabolic 
surfaces on telescope mirrors, and various mechanical systems for 
grinding by zones have also been used. But the general problem has 
resisted solution; and the primary difficulty—the inherant tendency of 
the grinding process to produce sphericity,—has been accepted as 
fundamental. 

The excellent results obtained with combinations of spherical and 
parabolic surfaces, as described in the article referred to, and the 
increasing importance of the problem, give hope of its ultimate solution. 
One suggested method, which has not heretofore been considered, may 
be of interest in this connection as indicating a means for directly 
creating complex curvatures by simple grinding. 

Briefly the method consists in first grinding and centering the lens 
in the usual manner to produce spherical surfaces. This spherical 
lens is then mounted under an ordinary grinding machine in the 
manner shown in Fig. 1, so that it can be subjected to pressure, and a 
certain amount of pressure is applied. The amount of this pressure is 
of course kept well within that which the glass can stand without 
fracture. The glass is thus bent or bulged slightly. This deflection 
under load, while slight, is however a definite amount, depending on 
the shape of the lens, the modulus of elasticity of the glass, and the 
applied forces; and only a slight variation is necessary to considerably 
modify the optical characteristics of the lens. The lens blank, while 
thus deflected, is ground and polished to a final spherical contour in 
the usual manner. Then when the lens is finally removed from the 
machine, and the pressure released, the lens springs back to its normal 
form. This springing back of the lens modifies the spherical contour 


705 





706 RoBerT V. Morse [J.0.S.A. & R.S.1., 7 


which has been given it by the grinding and polishing operations, and 
leaves the lens permanently with non-spherical characteristics. The 
amount and nature of the recovery, and consequently the final contour 
of the lens, depend very much on the shape of the cross-section, since 
the deflection at various points when under uniform load depends upon 
the shape of the cross-section as well as on the pressure. The amount 
and location of the deflection or recovery is thus susceptible to con- 
siderable control, by modification of the pressure and by design of the 
cross-section to give certain flexures. 


© 


YQ 


Fic. 1 


Glass is a material well suited to this type of treatment, as it is per- 
fectly elastic up to the point of fracture. It never flows or takes a 
permanent set under stress, as it invariable fractures before the elastic 
limit is reached. Though the strength of glass is rather low, ample 
deflections—sufficient to profoundly modify the optical characteristics 
—can be obtained without exceeding safe limits of stress. 


Morse INSTRUMENT Co., 
IrHaca, N. Y. 





A NEW FORM OF THERMOELECTRIC RECORDING 
PYRHELIOMETER 


By Hersert H. Kimspatt AND HERMANN E. Hospss 


SYNOPSIS 


A thermopile consisting of 50 couples is made from 60Au-40Pd with 90Pt-10Rh wire 
(0.0016 inch in diameter, by electrically fusing the junctions. Alternate junctions are attached 
to, but electrically insulated from, two thin concentric copper rings. The inner ring has its 
upper surface painted black; the outer ring, white. Details of construction are given. 

When exposed to solar radiation, the excess in temperature of the junctions attached 
to the blackened ring over those attached to the whitened ring produces an electric current, 
the voltage of which is very nearly proportional to the intensity of the solar radiation. With 
a solar radiation intensity of one gram-calory per minute per square centimeter of surface 
the current generated has a voltage of between 9 and 10 millivolts. 

A Type RM Engelhard recording voltmeter is employed to obtain continuous records 
of the solar radiation intensity. A sample record and illustrations of the thermopile are 
given. 


THERMOELECTRIC PYRHELIOMETERS 


The use of a thermopile for measuring the intensity of solar radiation 
is not new. The Angstrém pyrheliometer' and the Smithsonian pyra- 
nometer® are well-known instruments of this type. 

Recently Dorno* has described an instrument employing the ther- 
mopile for obtaining continuous records of the intensity of direct solar 
radiation. He also refers to an adaptation of the thermopile described 
in an earlier paper,‘ for continuously recording the total radiation 
(direct solar + diffused sky radiation) received on a horizontal surface. 
Both these instruments develop thermoelectric current of such low 
voltage that the photographic registration of the deflection of a sensi- 
tive galvanometer is the only practicable way of obtaining a record. 
In his later paper, however, Dorno’ refers to a “miniature thermocouple 
of 12 elements of special alloys——,, which, when fully exposed to the 
sun, gives about 4 millivolts, a power which would enable us to replace 
the photographic by a mechanical registration.”’ 

‘ Angstrém, Knut. The absolute determination of the radiation of heat with the electric 
compensation pyrheliometer, with examples of the application of the instrument. Astro- 
physical Journal, 9, pp. 332-346. 


? Abbot, G. G., Fowle, F. E., and Aldrich, L. B. Annals of the Astrophysical Observatory 
of the Smithsonian Institution. 4, pp. 65-76. 

*Dorno, C. Progress in radiation measurements. Mo. Weather Rev., Oct. 1922, 50, 
pp. 515-521. 

* Angstrém, A., and Dorno, C. Registration of the intensity of sun and diffused sky 
radiation. Monthly Weather Review, March, 1921, 49, pp. 135-138. 

5 loc. cit. p. 516. 
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THE WEATHER BUREAU THERMOELECTRIC RECORDING PYRHELI- 
OMETER 


The Weather Bureau, in cooperation with the U.S. Bureau of 
Standards, has recently designed, and its mechanicians have con- 
structed, a very convenient form of thermoelectric recording pyrheli- 
ometer, which, when exposed to full sunshine, is capable of developing 
about 15 millivolts. It seems desirable, therefore, to describe it in 
some detail. 

Thermoelectric couples. Experience with the pyrgeometer® has shown 
that while silver-bismuth thermoelectric junctions are highly efficient, 
they are difficult to solder, and the bismuth wire is liable to break 
with ordinary handling of the instrument. Upon the advice of the 
Director of the Bureau of Standards a combination of the alloys 
60Au-40Pd with 90Pt-10Rh was tried. 

Under test at the Bureau of Standards, a thermocouple made up of 
these two alloys gave the following electromotive force when the fixed 
junction was in ice and the other junction was at the temperature 
indicated. 

Temperature. . M. F. 
100°C .68 millivolts. 
60 
25 
—40 

The following equation gives the relation between temperature and 

the electromotive force if EZ is in microvolts and ¢ in degrees Centigrade. 
E = 32.975t+ .03881 ? 

The mean temperature-resistance coefficients per degree C. between 

0° and 100° were found to be 


Wire Temp-resist. coefficient 
Platinum-rhodium 00165 


Gold-palladium .000446 
Measurements at the Weather Bureau gave the resistance per linear 
foot of wire .0016 inch in diameter at room temperature as follows: 
Platinum-rhodium 50.7 ohms. 
Gold-palladium 54.6 ohms. 
It thus appears that while, as compared with Bi-Ag, these alloys 
give little more than half the emf, they have less than half the 


* Kimball, H. H. Nocturnal radiation measurements. M. W. R., Feb., 1918, 46, pp. 
56-70. 
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resistance, and should give slightly better current sensitivity. More- 
over, these alloys are very ductile, which permits them to be drawn 
out to a small diameter. They also fuse readily, making a neater 
junction than soldering. 

Thermopiles. Heretofore in the design of multiple thermocouple 
devices for measuring radiation it has been the practice to secure the 
needed surface for the larger number of junctions by resorting to the 
use of several parallel strips with alternating black and bright surfaces. 

The disadvantages of such construction and the difficulties of 
computing the performance of such forms have been obviated by the 


2 


Y & 


Fic. 1. Details of thermopile. 


use of the annular ring and disc arrangement. This greatly improved 

and simplified design, which also secures proper exposure for the 

composite surface, was suggested by Professor Marvin, and is _ 
understood from the description which follows. 

On the left in Fig. 1 is shown the upper surface of the black ring, C, 
and the white ring, D. The space inside the black ring is filled by a 
whitened disk, and the rings are mounted inside a bakelite ring, also 
painted white. The upper surfaces of the disk, the two rings, and the 
bakelite ring are in the same plane. 

On the right in Fig. 1 is shown the under side of the rings C and D 
with the wires forming the couples attached. It will be noted that 
each ring rests on the ends of three wire supports to which it is cemented 
by bakelite lacquer. The central disk is supported on a post rising from 
a metal strap attached to the lower side of the bakelite ring. 

The space between the disk and the inner ring C, between the two 
rings, and between the outer ring D and the Bakelite ring, should be 
just sufficient to insure insulation. 
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Two thermopiles were made up of wire 0.0008 inch in diameter. No, 
1 had 20 couples, and a resistance at room temperature of 137 ohms. 
No. 2 had 40 couples so arranged that they could be connected in series, 
or in two parallel series of 20 couples each. The resistance of No. 2, 
(40 couples in series) was 326 ohms, and of No. 2, (two parallel series 
of 20 couples each), 82 ohms. 

When exposed in a diaphragmed tube to solar radiation of an inten- 
sity of 1.37 gram-calories per minute per square centimeter, No. 1 
developed an E.M.F. of 5.10 millivolts; No. 2,, 5.49 millivolts; and 
No. 2,, 10.65 millivolts. The moving coil in the voltmeter employed 
had a resistance of about 91 ohms. Therefore, No. 2,, on account of 
its low resistance, gave a current of much greater amperage, and con- 
sequently caused a greater deflection of the voltmeter, than Nos. 
1 and 2,. 

Thermopiles Nos. 3, 4, and 5 were made of wire 0.0016 inch 
in diameter, and with 50 couples in series. The construction of these 
thermopiles will now be described. 


Fic. 2. Tool employed in fusing thermocouples. 


Details of construction. Fig. 2 shows a brass block with its upper 
surface divided by radial lines into 100 equal spaces. On this block 
are placed the two copper rings, C and D, shown in Fig. 1, and which 
have the following dimensions: 

Thickness, 0.021 inch. (No. 25 U.S. Stand. Sheet Steel Gage.) 
Inner diameter of C, 0.88 inch. 
Outer diameter of C, 1.23 inch. 
Inner diameter of D, 1.25 inch. 
Outer diameter of D, 1.52 inch. 

These dimensions give a surface area of about 0.57 square inch or 

3.67 square centimeters to each ring. 
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A circular projection, P, on the surface of the block, just fills the 
space between these two rings and holds them in place. 

Single junctions of the two wires are made, preferably while the wire 
is still attached to the spools, by twisting the ends together, and 
electrically fusing them. One terminal of the circuit carrying the heat- 
ing current may be attached to tweezers, between the points of which 
the twisted wire is clasped. The other terminal, consisting of a finely 
sharpened carbon pencil, is brought in contact with these wires. A 
110-volt circuit, in which the current is stepped down by resistance to 
about 1 ampere, will burn the wires back to the tweezers, and there 
form a small bead. They are then cut off at the proper length, and laid 
aside until the required number of junctions has been prepared. 

The surfaces of the copper rings C and D are thoroughly polished, 
cleaned and lacquered with bakelite lacquer. For cementing the junc- 
tions to the rings, bakelite lacquer, insulating bakelite varnish, or shellac 
may be used. The junctions are attached to the inner ring C by 
pressing them against the cement, one junction for each alternate 
division on the brass block, and then covering the junction with the 
cement. 

The wires of the individual couples having been identified, the loose 
end of an Au-Pd wire of one couple is twisted to the Pt-Rh wire of an 
adjacent couple, fused, and then fastened to the outer ring D, a junction 
for each alternate space on the block, using the spaces left vacant by 
the junctions attached to the inner ring. ‘ 

The fusing of these second junctions is effected as follows: The 
brass arm, A, Fig. 2, revolves about the central post, X, of the brass 
block, and is lacquer coated or insulated except for a small spot on the 
lower point of the end at E. The ring D is also lacquer coated. One 
terminal of the 110-volt circuit is placed in contact with the lower 
surface of the brass block; the other, or carbon terminal, is brought 
in contact with the twisted wires. If the lacquer-free spot on the arm 
A is also in contact with the wires, the circuit will be completed between 
the terminals, and the wires will burn back to the end of the arm at E, 
usually forming a small bead. This arrangement insures uniform length 
of the wires between the junctions. 

Care must be taken to insure insulation of the junctions from the 
rings, and the wires from each other except at the junctions. The wires 
are coated with lacquer, but care is taken to separate them as much as 
possible. 
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The two rings carrying the thermopile may now be mounted in a 
bakelite ring as shown in Fig. 1, the upper surface of the inner coppe. 
ring C painted black, using a mixture of lampblack in alcohol, with 
just enough lacquer to cause the lampblack to adhere to the metal 
surface; and the inner disk, the outer copper ring D, and the upper 
surface of the bakelite ring painted white, using a mixture of zinc- 
oxide in grade 3 Zapon lacquer, or cellulose lacquer. 

Through the courtesy of the Director of the Bureau of Standards, 
thermopile No. 3 had the upper surface of the outer ring D very neatly 
covered with a thin coating of white enamel, which was slightly thicker 
at the center than near the edges of the ring, giving the surface a 
somewhat rounded contour. Magnesium oxide, produced by the 
combustion of magnesium shavings, was then deposited on the white 
enamel. After a time, and especially when exposed out of doors but 
under a glass cover, the magnesium oxide gradually became less white.’ 
changed to a liquid, and finally dried out, leaving a hard scaly deposit 
like varnish. This was the case with thermopiles Nos. 1 and 2 which 
were also coated with magnesium oxide. For this reason zinc oxide 
paint was substituted for magnesium oxide smoke, although the latter 
is less selectively reflective than the former. -Thermopiles Nos. 4 and 5 
have the zinc oxide paint applied directly to the copper surface of the 
ring D. 

Mountings of the thermopile. For the measurement of solar radiation 
the thermopile is mounted in two ways. (1) For the measurement of 
the intensity of direct solar radiation it is mounted in the clock-driven. 
equatorially-mounted, diaphragmed tube designed for the Marvin 
pyrheliometer.* (2) For the measurement of the total solar and sky 
radiation received on a horizontal surface, the mounting is as shown in 
Fig. 3. The thermopile in its bakelite mounting rests in an open brass 
box, at the top of the upright support. Surrounding this box is a brass 
ring, containing a groove in its upper surface, into which a glass 
hemisphere 4) inches in diameter is cemented. A screw through a 
sleeve attached to the lower side of the brass ring secures the ring 
and glass cover to the support. They serve to protect the thermopile 
from wind and rain. 


7 Dorno (lec cit. p. 517) refers to this same deterioriation of magnesium oxide with 
excended exposure. 

®See Fig. 1. Marvin pyrheliometer and auxiliary apparatus. Mo. Weather Rev 
Nov., 1919, 47, opp. p. 769. 
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During the warm part of the year, with a sudden change from warm 
and moist to cool weather, or even with a change from day to night 
temperatures, moisture will sometimes deposit on the inside of the 
glass cover, which must then be removed and the moisture wiped off. 

Suitable leads from the terminals of the thermopile connect with 
wires leading to the terminals of the register. 





bic. 3. Thermoelectric pyrheliometer. 
THE RECORDING APPARATUS 
The Weather Pureau makes use of an Engelhard Type RM 
recording voltmeter in obtaining records of radiation intensity. At 
minute intervals a depressor bar presses the index arm against a record 
sheet under which is an inked pad, making a dot on the sheet. By 
using pads inked with different colors it is possible to so arrange 
the circuits that more than one thermopile may register on the sheet. 


The interval between record dots by the individual thermopiles in this 


case will be more than one minute. 
On April 2, 1923, the upper row of dots, A, A, Fig. 4, was obtained 
by exposing thermopile No. 5 normally to the direct solar rays, when 
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mounted in a diaphragmed tube. The lower row of dots, B, B, was 
obtained by exposing thermopile No. 4 horizontally, under a glass cover, 
to the total radiation from the sun and sky. Full-scale deflection 
represents a current intensity of 45 microamperes. The value of the 
scale divisions in millivolts depends upon the resistance of the thermo- 
pile, the galvanometer coils, the leads, and the swamping resistance. 

For thermopile No. 5, with which the record A, A, was obtained, the 
total resistance of the circuit was approximately as follows: 

Thermopile and leads 86 ohms. 
Moving coils of voltmeter, 60 ohms. 
Swampin¢g resistance 150 ohms. 
Total resistance 296 ohms. 

Full scale deflection on the record sheet in millivolts equals 0.045 x 
296=13.32. Since there are 22 numbered divisions on the sheet, the 
voltage developed by the solar radiation at any time may be found by 
by multiplying the scale reading of A, A, by 0.605. 

Comparison of the curve A, A, with simultaneous readings of the 
Marvin pyrheliometer indicates that the solar radiation intensity in 
gram-calories per minute per, square centimeter of surface normal to 
the incident solar rays may be obtained by multiplying scale readings 
on the curve by 0.064. A solar radiation intensity of one gram-calory 
per minute per square centimeter, therefore, develops a current having 
an electro-motive-force of 9.45 millivolts. 

For thermopile No. 4, with which the record B, B, was obtained, the 
total resistance of the circuit was approximately as follows: 

Thermopile and leads 83 ohms 
Moving coils of voltmeter, 60 ohms 
Swamping resistance 200 ohms 


Total resistance 343 ohms 

Full scale deflection on the record sheet in millivolts equals 0.045 x 
343 = 15.44, and the voltage developed by the radiation may be found 
by multiplying the scale reading of B, B, by 0.70. 

Comparison between the readings of the Marvin pyrheliometer and 
B, B, Fig. 4, is effected by shading the rings C and D, Fig. 3, from direct 
sunshine at intervals throughout the day, and drawing a smooth curve 
C, C, Fig. 4, through the records of diffuse sky radiation thus obtained. 
The number of scale divisions between B, B,and C,C,at any time, is a 
measure of the intensity of the vertical component of direct solar radia- 
tion, or its intensity on a horizontal surface at that time, and may be 
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compared with the vertical component of synchronous readings of the 
Marvin pyrheliometer. 

Such comparisons indicate that for curve B, B, the radiation intensity 
in gram-calories per minute per square centimeter may be obtained by 
multiplying the scale readings of the curve by 0.073. A solar radiation 
intensity of one gram-calory per minute per square centimeter, there- 
fore, develops a current having an electro-motive-force of 9.6 millivolts. 

It will be noted that at noon of April 2 the sky radiation (2.3 scale 
divisions on the record sheet) was about 13.5 per cent of the total 
radiation received on a horizontal surface (17.0 scale divisions). 

From the data given above we may compute that shortly before 
noon on April 2 the blackened ring C of thermopile No. 5 was receiving 
solar radiation at the rate of 1.30 gram-calories per minute per square 
centimeter, or 4.77 gram-calories per minute upon the 3.67 square 
centimeters of its surface. Reduced to units of work, this equals 0.33 
watts per second. 

The current generated by the thermopile was about 40.7 micro- 
amperes, with an E.M.F. of 12.05 millivolts, which equals 0.000,000,49 
watts, or about 0.000,001,5 of the heat energy received by the blackened 
ring. , 

On Fig. 4, the depressions marked D on curves A,A,and B, B, show 
the effects of passing bands of cirrus clouds. 

The vertical row of dots just after the 12m. time line were made at 
12, noon, apparent time. 

Accuracy of the record. Records obtained by means of thermoelectric 
pyrheliometers are subject to the following errors: 

(1) As shown by the Bureau of Standards tests, the E.M.F. generated 
is not strictly proportional to the difference between the temperature 
of the junctions attached to the black and the white rings, respectively. 
The efficiency of the thermopile appears to increase with temperature 
difference, and presumably with the temperature of the pile. 

(2) The resistance of all the wires except that in the swamping 
resistance increases with temperature, but at a slower rate than the 
E.M.F. increases. 

(3) It is not probable that the difference in the temperature of the 
junctions attached to the black and the white rings respectively is 
strictly proportional to the intensity of the radiation to which they are 
exposed. 

(4) The hemispherical glass cover over the horizontally exposed 
thermopile may cause irregularities in the record unless it is exactly 
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spherical, is free from flaws of all kinds, and is large enough so that 
the caustic curve caused by the reflection of light from its internal 
surface does not fall on either of the rings. 

On account of the small diameter of these rings (outer diameter of 
the white ring=1.52 inches): the requirement that the diameter of 
the glass cover should be more than double the diameter of the ring® has 
been more than met in providing a cover 4.5 inches in diameter. The 
covers are not entirely free from waves and other defects, however. 

It remains to investigate the combined effect of (1), (2), (3), and (4). 

The comparisons of curve A, A, Fig. 4, for thermopile No. 5, with the 
readings of a Marvin pyrheliometer are given in Table 1, where each 
value given is the mean of from three to nine readings. 


Hour Marvin Thermopile 


Angle pyrheliometer No. 5. mere 
of Se Scale Thermopile 
Sun Reading. 
4:59 a.m. Bt. 0634 
4:38 a.m. 13 0628 
4:05 a.m. | 15 0048 
3:28 a 17 0634 
2:20 a 19 0636 
0664 
0638 


0:20 a.m 19 
2:32 p.m. 1 
3:44 p.m. 1 


ee 


Mean= 





A slight tendency is noted for the thermopile to read relatively low 
in the middle of the day. 

Curve B, B, for thermopile No. 4, exposed horizontally under a glass 
cover, when compared with the vertical component of the readings of 
the Marvin pyrheliometer, shows some distortion of the record due to 
imperfections in the glass cover. For example, between 2 p.m. and 4 
p-m., apparent local time, curve B, B,is relatively higher than between 


8a.m.and 10a.m. This distortion disappeared in later records when a 
better glass cover was used. 


* Miller, Eric R. Internal reflection as a cause of error in the Callendar bolometric 
sunshine receiver. Monthly Weather Review, 43:264-266. 
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It is possible that an annual variation may be found in the ratio 
Marvin/Thermopile. Further use of the thermopiles is necessary. to 
answer this question. 

Also, it has not yet been demonstrated how well the white paint 
used on the ring D will withstand sunlight. 

The authors believe, however, that the thermoelectric pyrheliometer 
will prove a reliable and useful instrument. 


Diffraction of X-rays by Sodium Oleate.—The oleates of sodium, 
potassium and ammonium belong to a class of substances for which it 
has been shown, by optical examination of thin films, that they are 
built up of molecules in parallel layers, separated by the extremely 
wide spacing (compared with the inter-atomic spacings in metals) 
of some forty Angstrém units. Irradiating sodium oleate with a beam 
of X-rays of wave length 1.5A approximately, de Broglie and Friedel 
observed first, second, and third order diffractions from the system of 
parallel layers, in addition to diffraction rings due to regularities in 
the arrangement of atoms within the molecules. From the diffractions 
of the former type they deduce that the spacing is 43. 5A, in good agree- 
ment with the result of Perrin and Wells, who showed that thin films 
of a mixture of potassium oleate, glycerine and water consist of parallel 
laminae 42 to 44 A apart. This agreement suggests the possibility of 


measuring X-ray wave lengths by diffracting the rays with a space 
lattice of which the dimensions are directly known (not by a calculation 
involving the Avogadro number); and, what is probably more im- 
portant, the feasibility of space lattices with spacing wide enough to 
diffract very soft X-rays. [L. de Broglie and G..Friedel, C. R. 176, pp. 
738-740; 1923.] 


K. K. Darrow 


The Bands in the Ultraviolet Absorption Spectrum of Toluene 
Vapor.—More than 200 bands between 2731 and 2325A have been 
observed, and several of them resolved into lines. The entire system of 
bands can be explained in terms of the quantum theory of band spec- 
tra, by postulating a single electron transition occuring simultaneously 
with a fourfold mechanical change in state; an electron in the molecule 
passes from one orbit or level to another, and simultaneously the 
angular momentum of the molecule changes by one quantum, and three 
distinct mechanical vibrations in the molecule with three different 
frequencies undergo quantic changes in amplitude. Each line in each 
band is produced by the single electron transition associated with a 
particular set of the four latter changes. The moment of inertia of the 
molecule is independent of its rate of rotation, and equal to 21-10-*°in 
cgs units. [V. Henri and E. Walter, C.R. 176, pp. 746-748; 1923.] 

K. K. Darrow 
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DEFINITIONS OF SYMBOLS 

Difference of altitude between two levels above the earth’s surface. 

Altitude above the ground when determined solely by observations of pressure and 
temperature. 

Isothermal altitude. 

Atmospheric pressure at the upper level. 

Atmospheric pressure at the lower level. In the tables Po is a constant, 29.90 inches of 
mercury. 

Acceleration of gravity. 

Density of the air at pressure P. 

Density of dry air at pressure P. 

Temperature of the atmosphere at the pressure P in A®. 

Mean temperature in A° of the vertical air column extending from altitude, h, to the 
ground. 


* Published by permission of the Director of the Bureau of Standards. 
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Identical with T and 7,, respectively, but in °C. 
Mean temperature of a small interval of isothermal altitude in °C 
Mean temperature of a small interval of altitude in °C. 

é Water vapor pressure at the atmospheric pressure P. 


( :) Mean value of the ratio. 
P m 
> 


Function of acceleration of gravity and latitude. 

Function of acceleration of gravity and altitude. 

Density of dry air at 76 cm of mercury pressure and 283°A. 
- Pressure of the air when the density is pg. 

Temperature of the air when the density is p,. 


L 
G 
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SYNOPSIS 

The determination of the altitude of bodies above the surface of the earth has interested 
physicists, meteorologists, balloonists, mountain climbers, and aviators. The methods used 
have been similar and rest on facts which have been well known for a long time. This paper 
is confined to the theory and methods of the accurate determination of altitude of aircraft 
above the earth’s surface and brings together all of the well known facts and methods in 
addition to some new material. 

Jt is here emphasized that for aviation purposes, the altitude is determined by observa- 
tions of pressure and temperature. A relation of pressure and temperature to altitude is 


derived. This expression is: 
P. - 
h=62900 log (4 *) 
P 283 


in which 4 is the altitude in feet, Po is the atmospheric pressure at the ground level, P is the 
pressure at the upper level, and ¢,, is the mean temperature of vertical column of air between 
the two levels. 

A more complete expression for the altitude is also derived in which the factors of slight 
practical importance are included. These factors are those of humidity and gravity. 

The observations of pressure and temperature necessary to determine an altitude are 
discussed. The instruments used to make these observations are briefly described. 

The method of computation of the altitude from these observations is outlined and il- 
lustrated by a sample computation. 

The paper concludes with tables of upper air data, aircraft performance standards and 
altimeter caiibration standards for the United States and other countries. 


PART 1 


GENERAL PRINCIPLES 
1. INTRODUCTION 


An accurate knowledge of the altitude of an aircraft is necessary in 
an aerial photographic survey, in military operations such as bombing 
and ranging, in cross country flying during cloudy weather and in the 
determination of the “ceiling” or maximum altitude to which a given 
airplane can ascend. A practical method of determining the altitude 
of aircraft above the surface of the earth will be given in the following 
pages. This method is based on the relations of altitude to various 
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properties of the air, first completely given by Laplace, the resulting 
formula being known as the barometric formula. It is used by all 
meteorologists in obtaining the relations between altitude and values 
of pressure, temperature, humidity, and density. 

It might be thought that with an altimeter on the instrument board 
of the aircraft correctly calibrated and with small errors, that the 
problem is solved. This is not true, because the altimeters now in 
general use are pressure measuring instruments, while, as will be shown, 
the altitude is determined to sufficient accuracy not by pressure meas- 
urements alone but by coordinate observations of both pressure and 
temperature. If an altimeter be calibrated to an altitude-pressure 
relation which includes one of altitude-temperature based on means of 
observations, the indications of the altimeter may be in error as much 
as 5%. This is due entirely to the great variation, during the year, of 
the temperature from mean values. 

Although aiming at completeness, it is desired to emphasize practical 
methods of determing the altitude of aircraft therefore those parts of 
merely theoretical interest are kept separated from the parts essential 
to completeness. While the barometric formula derivation has been 
published by many writers, it is thought worth while to repeat it as a 
complete development in an accessible publication has not come to the 
notice of the writer. 

Historical Sketch. The initial discovery in Barometry was made in 
1648 when Pascal had a mercury barometer carried to the top of a 
mountain. The mercury column was at a lower level at the mountain 
top. Succeeding efforts were directed to finding a relation between the 
drop in pressure and the altitude. Many relations were proposed until 
1805 when Laplace gave the complete theory. One of the best known 
attempts is that of Halley’ who gave 


H= a. (log 30 —log P) 
0.0144765 


in which H is the altitude and P is the pressure at the upper level. 
Better relations were suggested from time to time as more of the facts 
became known. These were ascertained mainly by observations made 
at the foot and top of mountain peaks. 

Since the time of Laplace efforts have been directed toward possible 
simplifications of the formula; the application of the theory to the 
measurement of the altitude of mountain peaks, balloons and aircraft; 


' Phil. Trans. /6, 1686-1687. 
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to the design of instruments for the purpose; and to tests on the ac- 
curacy of the formula. Complete deductions of the barometric formula 
with discussions are given by Richard Ruhlmann,’ Angot,* Bigelow,’ 
also Hann and Suring.® Very serviceable tables for reducing computa- 
tions are given in the Smithsonian Meteorological Tables, Fourth 
Edition, 1918. A simpler, though approximate, formula is given by 
Babinet: 

Po—P 

Pot+P 

in which H is the altitude in meters, ¢; and Po are the temperature 
and pressure at lower level and ¢, and P, the same at upper level. 

U pper Air Observations. Meteorologists have obtained the values of 
pressure, temperature, humidity and other properties of the atmosphere 
at various altitudes above the earth’s surface, mainly in Western 
Europe and North America. The procedure has been to send up kites 
or captive balloons for lower altitudes, and sounding or free balloons 
for higher altitudes. ‘Fo the kite or balloon is attached a meteorograph 
which usually records the pressure, temperature, and humidity. The 
corresponding altitude is then calculated from these readings by 
means of the barometric formula. In other words a continuous record 
of pressure, temperature and humidity is obtained as a result of the 
kite or balloon flight and to these observations are assigned altitudes 
by means of the barometric formula. 

Experimental Proof of the Barometric Formula. Rihlmann com- 
pared the difference in altitude of Genf and St. Bernhard in Switzer- 
land as obtained by triangulation, 2070 meters, with that obtained 
by the barometric formula. The observations covered the period 
1860 to 1866. He found a diurnal and also a seasonal variation. These 
variations never exceeded 114%, the diurnal exceeding the seasonal. 

Angot® used observations made on Eiffel tower, altitude difference 
300 meters, to compare the pressure difference obtained by means of 
the barometric formula and the observed pressure difference. A 
diurnal and seasonal variation was found. Converted to altitude the 
amplitude of the variation is 0.5%. 


H =16010 41+0.002 (t,+¢2)} 


? Die barometrischen héhenmessungen und ihre bedeutung fiir die physik der atmos- 
phare, Leipzig; 1870. 

* Sur la formule barometrique. Annales du bureau central met. /; 1896. 

* Report of the Chief of the Weather Bureau, 7; 1900-1901. 

5 Lehrbuch der meteorologie, Leipzig; 1915. 

* A Angot, Resumé des observ. Met. au Bur. Cent. et a la tour Eiffel; 1890-94. Annales 
du Bur. Cent. 1894 Memoires. 
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More recently Blair’? obtained observations of sounding balloons up 
to an altitude of 17000 meters by means of two theodolites. The base 
line separating the two theodolites was 5088 meters. The altitudes 
thus obtained were compared with the altitude obtained by means of 
the barometric formula from observations taken by recording instru- 
ments attached to the balloon. The differences were less than 2% in 
all cases. 

Standard Atmospheres. In the testing of aircraft at any particular 
field it has been found that the performance varies with the atmospheric 
conditions. The pressure at the surface may vary as much as .75 inches 
of mercury within a few days, also changing the pressure distribution 
above the surface; the existence of temperature variations is a familiar 
fact and need not be discussed. It is obvious that it would be advan- 
tageous to reduce the performance of an aircraft on any one day, having 
a particular atmospheric condition, to a performance corresponding to 
an arbitrary standard atmosphere. Performance comparisons may then 
be easily made. In practice the effort is made to select as a standard 
atmosphere, one which conforms most closely to average conditions, 
and to adopt an international standard. Many standard atmospheres 
have been proposed, some adopted for a time and then displaced by 
others in the effort to meet these demands. More detailed information 
about the various standards will be found in Part 4. 

Not only for the performance of aircraft is a standard atmosphere 
desirable or necessary, but also for specifying that of instruments. 
Thus, an air speed indicator is specified to read correctly at a particular 
density and an altimeter is calibrated to an arbitrary altitude-pressure 
relation. Many altimeter calibration standards are in use, some being 
the altitude-pressure relation of a performance standard. It is difficult 
to change an altimeter calibration standard because existing service 
instruments cannot be readily altered. Part 4 may be consulted for 
details of the various standards. 

Methods Other than Barometric of Determining the Altitude. The 
direct method, using theodolites, has already been mentioned. This 
triangulation device is largely used to obtain the altitude of pilot 
balloons and as a check on other methods. For aircraft this method is 
of little practical use as the altitude is mainly desired by the pilot. 

The interference of sound waves of known frequency sent from the 
aircraft with those reflected from the earth has been suggested as a 


7 Free air data by means of sounding balloons, Fort Omaha, Nebraska; July, 1914. 
Monthly Weather Review, p. 255; 1916. 
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method of determining the altitude. The practical difficulties have 
not yet been surmounted. 

There also exists a class of instruments, mainly optical types, which 
are used to land the aircraft at night or in heavy fog. A description 
of one of this type is given by Warner.* It is essentially a triangulation 
method, with a limit of usefulness below 200 feet of altitude. 


2. DERIVATION OF THE ALTITUDE FORMULA 


The altitude is completely determined by five factors, pressure, tem- 
perature, humidity, gravity, and atmospheric circulation. The 
evaluation of each of the first three factors requires a series of observa- 
tions. The fourth factor, gravity, is always evaluated by computation. 
The last factor, the atmospheric circulation, cannot be put into mathe- 
matical form, therefore in the derivation of the expression for the 
altitude the atmosphere will be assumed to be without circulation. In 
other words, the air is assumed in vertical and horizontal equilibrium. 
The derivation of a complete expression for the altitude follows. 

Let H =the altitude in centimeters between two levels above the 
earth’s surface. 

9 =the pressure at the lower level in dynes/cm? 

P =the pressure at the upper level in dynes/cm* 

Q =mass in grams of a vertical column of air of one cm* cross section. 
g =acceleration of gravity in cm/sec? 

Fig. 1 illustrates the definitions. 

Since the air is a fluid, the pressure at any level (a surface perpen- 
dicular to the direction of a plumb bob) equals the weight of a vertical 
column of atmosphere of unit cross section (dynes per cm’) above it. 
Therefore, the difference in pressure between two levels equals the 
weight of a un't cross section of the atmosphere between the levels. 
That is, 

dP =gdQ 
Let y =the density of the air at pressure P in grams/cm’. 
—dQ=7dH, 
the opposite signs follow from the fact that altitude increases as Q de- 
creases. 


dP 
ydH = —-— (1) 
g 


» An optical altitude indicator for night landing, Optical Journal, p. 225, 7; 1923. 
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In order to integrate the differential equation, (1), the various factors 
must be separated and assumptions made. Since the humidity varies 
both with altitude and time, let p be the density of dry air. The 
ratio of the density of saturated water vapor to the density of dry air 
varies with temperature, being 0.6241 at 10°C.° 


| 


P 





Eda |dH 








Fic. 1. The elemental layer of air dH at a level H above the earth's surface. 


Let e be the vapor pressure at any level. Then the density of air 
including a correction for water vapor, using 0.624 as the value for the 
ratio, is 


© 9 +0.624 © (: 0.376) (2) 
— .6 - p= —JU.3 — 2 
ae li  ?P 


Introducing the above expression into (1) in place of y 


— dP ; 
1—0.376 p dH = —- (3) 
P g 

From the gas laws, a relation of the density of dry air, p, to pressure 
P, may be found. 

P 
RT 
in which T is the absolute temperature of the air column dH in degrees 
centigrade and R the gas constant for dry air. 


p (4) 


* Smithsonian meteorological tables, 4th ed. 
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Substituting into (3) the value of p given by (4), and solving for dH 
RT 


dH = — 


Approximately, 
RT _. e\ dP 
dH = —— { 1+0.376 =) 
g P/} P 
It will be well to state the assumptions thus far made. We have 


P 
assumed (a) that the gas law, — = R T holds for dry air, and that it holds 
p 


for the range of pressures in which aircraft operate; (b) that the ratio of 
the density of the water vapor in the atmosphere at any one tempera- 
ture is determined solely by its partial pressure, (c) that the density 
of water vapor under any given partial pressure is equal to 0.624 times 
the density of dry air under the same pressure and temperature, (d) 


and that the gas law, in the form =R,T holds for this vapor. 
Pw 


The variation with temperature of the ratio of the densities of dry 
air and saturated water vapor under equal pressures, does not exceed 
0.4% for atmospheric conditions. The variation of this ratio with 
pressure very probably does not exceed 0.5% for vapor pressures 
existing in the atmosphere. It can be seen from Fig. 9 that the error 
introduced by considering the air entirely dry does not usually exceed 
1%, therefore it may be stated safely that the assumptions introduce 
no sensible error. 

Integrating equation (6) 

H 


P» 
dP 
fin-a-* [ 7(1+0.3765) 
g ie 4 


oO 
The temperature, 7, is a variable but it will be replaced in such a 
manner as to aid the integration and allow much freedom in computa- 


tion. A temperature 7,, is defined by the equation: 
Ps 


P, 
dP dP 
P P 
_ from which 


T d (log P) 


log P ae. 


log Po—log P 
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A method of evaluating 7, from observations is given in Part 2 
under the heading ‘‘Temperature Correction.” 
Similarly, the vapor pressure term of equation (7) will be replaced 


Ps P, 
(<) fee-f = (10 
P/ » * in 7 P Pp 19) 


P 
Therefore, 
log Ps 


© d (log P 
P og ) 





(s) oe 
P log P,—log P (11) 


e ‘ — 
A method of evaluating (<) is given under the heading, “Humidity 


mm 
Correction” in Part 3. 


dP 
Substituting the left hand member of (8) for [rt > in (7) 


Ps 


R dP 
H=-T, J 1+0.37 => Ss (12) 
g P P 


P 


=e : sy a he eo éF . 
and substituting the left hand member of (10) for fi P in (7), 


Po 
H=* e. [ 1+0.376 (<) so (13) 
g P/ P 


P 


RR _ fe Fs 
~. T, | 1+0.376 (¢ 5 log, Pp 


The value of the constant R is determined by the equation 
P, 
R=— 
pls 
p, is the density of dry air in grams/cm* at a pressure, P,, in dynes/cm* 
3 . 
and a temperature, 7,. Also let M be the modulus for changing from 
log, to logio =0.4343. Substituting for R and changing the logarithm 
base from log, to logi9 equation (14) becomes 


H= oo. a8 | 1+0 376 (£)i]1 a (15) 
~ pT Mg ie? eed 


The acceleration of gravity, g, acting on the air is not constant, but 
varies with the latitude and altitude. The effect of the variation is 


Integrating 


in which 
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small, its amount being given in Part 3. A standard value of g which 
practically corresponds to 45° latitude at sea level is included in the 
constant K, defined: P 


- pM g 
Let L be the factor which corrects the altitude formula for the change 
in value of g due to variation of latitude; and G the factor which corrects 
for the change in value of g due to variation in altitude. The final 
form of the equation determining altitude is, therefore, 


P P = ‘ € : 
H=K (10g 16") (=) [1+0.376 (5) | (G) (L) (16) 


The altitude is determined for all practical purposes, the accuracy 
being within 1% except under unusual conditions of humidity, by the 


abridged formula 
me (=) = 
h=K\ = — (17) 
P Ni, 


3. DETERMINATION oF Arr DENSITY 


The air density at any particular altitude is determined by the 
pressure, temperature and vapor pressure. 
Let »=the density of the air at an altitude /, in grams/cm* 
P =Pressure at altitude /# in dynes/cm’* 
T = Absolute temperature in °C at altitude h 
e= Vapor pressure in dynes/cm? 


(18) 


1 . 
The value of R is derived from a knowledge of the density of dry air 


at a known pressure and temperature, i.e. 
1 T, Po 


Rg fF, 
For the units of equation (18), 

1 a 273 X .001293 (19) 
R 760X13.60X980.7 


or more conveniently, when the unit of pressure is millimeters of mer- 
cury, 





1 273X .001293 . 
~ arn eenereer (20) 
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The formula for the air density is subject to the postulates: 

1. That the air is of uniform chemical composition, except the 

amount of water vapor. 

2. That the ratio of the density of water vapor to density of air at 

identical temperatures and pressures is a constant, i.e. 0.624. 

3. That the air does not deviate from the gas law of Boyle and 

Charles, i.e. PV = MRT at all observed values of P and T. 

At altitudes where the temperatures are below —10°C, the humidity 
term, 0.376 e, can be neglected. For most aeronautical purposes, it 
can be left out of the density formula, which then becomes: 

1 
R 


P =46axio? © 
T T 


PART 2. 
THE COMPUTATION OF ALTITUDE FROM PRESSURE AND TEMPERATURE 
OBSERVATIONS 


1. Tue ConsTANTs OF THE ALTITUDE FORMULA 


When humidity and gravity corrections are omitted, the altitude is 
determined by: 


Po {Ta 
bak ha —t= (17) 
SP AT 


s 


The constant K has been defined: 
—_ P. 
is p; Mg 
in which 
P,=76.00X 13.595 Xg dynes/cm? 
p, =0.0012473 grams/cm* 
M =0.4343. 
The density, p,, is that of dry air at a pressure of 76 cm of mercury and 
temperature of 283° A and has been calculated from the density of 
dry air at 76 cm of mercury pressure and 273° A, which is .00129305 
grams/cm*. 
Evaluating, 
K = 1907400, when / is in centimeters 
K = 62579, when h is in feet. 
The temperature, T., is assumed 283°A =10°C =50°F, so that the 
temperature correction is zero when 7,,, the mean temperature, is 
10°C. Inserting these values into the altitude equation (17) 
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Po (Tm 
h (in cm) = 1,907,400 log ioe & 
P 283 


: - Po (=) 
h (in feet) = 62579 log P \oa3 
Equation (21) or (22) can be put into the following form, more useful 
for the computation of tables. 
Let tm be the mean temperature in °C 
Then T m= 273 +tm = 283+ (tm— 10), 
also en tm—10 


283 283 


Po tm— 10 
h (in feet) = 62579 | 1+—- 
(in feet) 57 5 ( + aa ) 


Po Po (tm—10 
i =6257 — 57 y-- = = ) 
h (in feet) = 62579 log Pp +62579 log P ( 7a3 ) (24 


— P.. ' 
Notice that log > is the same for pressures in any units whether inches 


or millimeters of mercury or millibars. 


2. AttirupE TABLES 


The Bureau of Standards has in use convenient tables for the 
altitude-pressure relation with temperature corrections. The tables 
are computed with the constant equal to 62900 instead of 62579, in 
order to incorporate a humidity correction. This is discussed fully 
under “Humidity Correction”. 

Inserting the change in the constant into equation (24): 

Po (tm—10 


Po 
i = : 2 BF fy! lia 24a) 
h (in feet) = 62900 log ? + 62900 log Pp ( aaa ) (24a 


P 
The term, 62900 log = is known as the isothermal altitude because 


it gives the altitude-pressure relation for a constant temperature of 
+10°C of the vertical column of air; it is also known as the altimeter 
indication, because American altimeters have been calibrated by this 
altitude-pressure relation. It will be referred to in this paper as the 
isothermal altitude. 

Let Z represent the isothermal altitude defined above, so that 


| - : 
Z = 62900 log P (25) 
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Substituting Z into equation (24-a) 
h (in f +t 
in feet) = Z7+Z mas 
The expression 
_ ba—10 

283 
is known as the temperature correction term. 

Table 13, Part 4 gives values of Z corresponding to values of P. The 
value of P» assumed is 29.90 inches or its equivalent, 759.6 mm of 
mercury. 

It is easily shown that the value of Z found between two pressure 
levels, P; and P; is independent of the value chosen for Po. 

Z=K (log P:—log Pz) also 
, Po Po 
Z=K (10g p, 18 P ) 


1 
=K (log Pi—log Pz») 

Table 13a gives values of the temperature correction term for con- 
venient values of the mean temperature ¢,, and isothermal altitude Z. 
These corrections are additive, being plus when t, is above 10°C and 
negative when below 10°C. 

Both Table 13 and 13a are taken from the more extensive tables in 
use at the Bureau of Standards. 


3 


NECESSARY OBSERVATIONS OF PRESSURE AND TEMPERATURE—INSTRUMENTS USED 


In order to determine with accuracy altitudes reached in flight, 
certain observations of pressure and temperature must be made. 
These are briefly listed. 


(a) Pressure. The observation of ground pressure and pressure at 
the altitude of flight is necessary. 

The ground pressure is generally observed on a mercurial barometer 
as well as on the aneroid instrument used in the flight. This serves to 
determine the error of the reading of the aneroid instrument at the 
ground pressure at the time of ascent. The readings are taken at the 
time of ascent and descent. The average of the two pressures will 
give the ground pressure with sufficient accuracy. The meaning of 
the average is discussed fully under “Effects of Atmospheric Circula- 
tion.”’ 

The pressure at the altitude of flight may be found either by means 
of an indicating instrument i.e. an altimeter or an aneroid barometer, 








~ 
w 
nN 
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or by means of a recording instrument, i.e. a barograph. Barographs 
are most convenient for high altitude flights since the pressure at any 
part of the flight may be obtained from the record. When an indicat ing 
instrument is used the observations must be recorded while in flight. 


le 
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Fic. 2. Observed temperatures of a flight and the corresponding computed mean tem peratures. 





A full discussion of the errors of aneroid instruments and their cor- 
rection is beyond the scope of this paper,’® but the importance of a 
reliable instrument cannot be over emphasized. The uncertainty in 
the observations usually far outweighs the influence of all the factors 
in the altitude formula, save pressure and temperature. In order to 
determine the corrections to the aneroid instrument, if not fully 
compensated, its temperature during the flight must be known. This 
instrument temperature is difficult to secure, but may be found by 
combining a barograph and thermograph, in order to obtain a simul- 


For a more complete discussion see “Altitude Instruments” N.A.C.A. Report No. 
126; 1922. 
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taneous pressure and temperature record. By means of this record, the 
conditions of pressure and temperature can be simultaneously re- 
produced in the laboratory, thus making possible the determination of 
the instrumental correction under flight conditions. This test is known 
as a flight history test. Instrument temperatures have also been ob- 
tained by reading the altitude and a thermometer attached to the 
instrument simultaneously. 

(b) Temperature. The data needed in order to determine the mean 
free air temperature, ¢t,,, include observations (1) at the surface of the 
ground, (2) at the greatest altitude reached, and (3) at a sufficient 
number of intermediate points with the corresponding altimeter indi- 
cation, so that a curve can be drawn, isothermal altitude against 
temperature. Let ¢ be the observed temperatures, then Fig. 2 will 
illustrate the observations made and also show ¢,,, the mean tempera- 
ture of the entire air column below any given isothermal altitude. 

In the past the method of obtaining the observations has been for 
the pilot to make simultaneous observations of temperature with a 
strut thermometer and of altitude with an altimeter at 1000 or 2000 
foot intervals. This scheme, of course, involves the partial neglect of 
errors of the altimeter, but is not serious. 

Thus there should be available in order to calculate the altitude: 

(1) The ground pressure at the beginning and end of the flight. 

(2) The pressure chart froma barograph or readings from a pressure 
measuring instrument. 

(3) A table of observations recorded about as follows by the pilot: 











: ioe Free Air 
Altimeter Temperature T 
“aeig= A : a emperature 
Indication, feet of Pressure Element °C 
0 16 16 
2000 13 10 
4000 10 7 
6000 6 +2.5 


etc. 





4. Tue lsoTHERMAL ALTITUDE FROM PRESSURE OBSERVATIONS 


This altitude, Z, may be computed from the formula 
P ' ; ‘ 
Z = 62900 log y in which Py is the 


ground pressure and P the pressure at the altitude of flight, but the 
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same result is achieved more easily by the use of the altitude-pressure 
tables in use at the Bureau of Standards, as given in Table 13, Part 4, 
this paper. As an example, let 758.4 cm of mercury be the ground 
pressure and 506.6 cm of mercury the pressure at the altitude of flight. 
506.6 mm corresponds to 11070 feet 
758.4mm corresponds to 40 feet 
The isothermal altitude above the ground then is 11030 feet. This 
altitude is correct if the mean temperature of the vertical air column is 
+10°C. Since the mean temperature of +10°C rarely exists in prac- 
tice, a temperature correction must be applied to the altitude found by 
pressure observations alone. It might be thought that a selection of a 
mean temperature-altitude curve might be possible such that the 


— ° 


P 
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|r GROUND 


Fic. 3. Effect of seasonal change of temperature on the altitude of a given pressure. 





temperature correction could be eliminated. Such is not the case. In 
the first portion of Table 1 it can be seen that the seasonal variation of 
the altitude corresponding to constant pressures is so large that a 
temperature correction would still be necessary. 

The seasonal variation of altitude corresponding to a given pressure 
is due mainly to the variation of temperature. This is shown by Fig. 3, 
which illustrates the vertical shift of a pressure, P, from the altitude at 
an average yearly temperature 7, of the air column to other altitudes 
when the average temperature is that of summer, 7,, and that of win- 
ter, T,. An idea of the seasonal variation of the temperatures at various 
altitudes is given in the second part of Table 1. 
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TABLE 1.—Observed Upper Air Temperatures and Pressures for Approximate 
Latitude 41° in the United States.“ 








Average Altitude in Feet 























Pressure a 

mm Hg Winter Summer } Year 
700 2400 2400 2400 
600 6380 6800 6600 
500 11150 11750 11400 
400 16650 17750 17200 
300 23350 24850 24150 
200 32600 34500 33600 
150 38800 41000 40100 

Altitude | Average Temperatures i 
in 1000 Feet Winter Summer Year 
0 6.0 | 24.9 19.1 
10 — 8.2 10.0 + 2.1 
20 —26.8 — 92 —17.0 
30 —45.6 —28.1 —36.8 
40 —52.0 — 46.6 —50.8 
50 —55.0 —56.3 —55.3 





5a. COMPUTATION OF THE TEMPERATURE CORRECTION AND MEAN TEMPERATURE OF THE 
VERTICAL Arr COLUMN 


The correction to be algebraically added for deviation of the mean 
tm—10, 
in 
283 
which ¢,, is the mean temperature of the vertical air column below the 
altitude of flight. The amount of this additive correction can be 
found from the altitude tables in use at the Bureau of Standards, given 
in Table 13a, Part 4, of this paper. Granting that ¢,, has been com- 
puted for the altitude at which the pressure is 506.6 mm of mercury 
and that it equals +3.5°C, the correction is found from the tables to be 
— 250 feet. 
Isothermal altitude previously found = 11030 feet 
Temperature Correction = —250 
Altitude = 10780 feet. 
If the altitude above sea level is required, the elevation of the station, 
as found by triangulation, is added to the altitude given above. 


temperature of the vertical air column from +10°C is Z 





" Monthly Weather Review; January, 1918. 
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This particular correction should be made to the indication of Amer- 
ican altimeters, as their indication is identical with Z, the isothermal 
altitude. 

It now remains to compute the mean temperature ¢,, from the obser- 
vations of free air temperatures. 


The temperature 7,,, has been defined 
log Ps 


T d (log P) 
T a log P Rs 
r log Po—log P 


It can be easily derived from equation (9) that 
log Ps 





td (log P) 
log P 


tn= 
log P,—log P 








\ 











Z, t, 














TEMPERATURE t 


Fic. 4. Layout of isothermal altitude-temperature curve for computing mean temperatures 


This integral can be evaluated for the purpose of the determination 
of airplane altitudes in the following manner. The air temperatures 
corresponding to altimeter readings at frequent intervals must be 
available so that a temperature curve against the indicated altitude or 
Z may be drawn, as discussed under “Necessary Observations, etc” 
and illustrated in Fig. 2. 

Let equal intervals of Z, or indicated altitude, be taken on the free 
air temperature curve so that ¢, /2,- -f,, sensibly represent the temper- 
ature of vertical column in each interval, as shown in Fig. 4. 
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It will be shown that: 





htth+———+t, 2 
tq =" =— (26) 
n n 
Starting with the definition: 
log Ps 
t d (log P) 
t.=— bP (9a) 


log Po—log P 

Approximately, 
ty (log Po — log P:) +#2(log P: — log P2) + — — +4, log (P,,_; — log P) 
A - j log P.—Log P oa ; weer hae 





Since 
Z =K (log P,—log P) 
Z,=K (log Po—log P:) 
Z:=K (log P,—log P:) and for the highest interval, 
Z,=K (log P,-:—log P) 
the last expression for ¢,, is 
a Zitte Ze+ts Z3+——+4, Z, 
a) Z 





P 
Since equal intervals of K log = or Z are taken (see Fig. 4) it follows 


that 





and 


Therefore, 
Li (ty +t2.— — +4H,) 4,2 f. 


m”~ 





Z Z 
*. . . n 
multiplying this by 
n 
n nZ, Xt, 
° : we nZ 
‘ Finally, since n Z,=Z 
r 
. = ty 
tn = 
n 
ef As an example of the computation of the mean temperature suppose 
the following data are available after a flight, all instrumental correc- 
; tions having been made: 
f 
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Isothermal Altitude Z 
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Temperature in °C 





/ 


0 16 
2000 10 
4040 7 
6020 +2.5 
8000 —3 

10110 —6 


11030 = 





These data are plotted in Fig. 2, the curve being marked ¢. From 
this curve are read the temperatures for each 1000 foot interval of 
isothermal altitude given in column 3 in the following table: 


TABLE 2.—Computation of Mean Temperature 











Isothermal Mean temperature 

n Altitude interval of the » a Zt. 

thousand feet interval ae 
1 o-— 1 14 14 14 
2 1— 2 11 25 12.5 
3 2-— 3 9 34 11.5 
4 3-4 8 42 10.5 
5 4— 5 6 48 9.5 
6 5-— 6 4 S2 8.5 
7 6— 7 | 1.5 53.5 7.5 
& 7— 8 —1.5 52 6.5 
9 8— 9 —4 48 5.5 
10 9—10 —5 43 4.5 
11 10—11 —7 4 3.5 





| 
| 
| 
| 


Notice that the mean temperature of the interval is taken at the iso- 
thermal altitude of 500 feet for the 0-1000 feet interval, 1500 feet for 
the 1000-2000 feet interval, etc., as illustrated in Fig. 4. 

In column 5 of Table 2 is given the calculated mean temperature of 
the vertical air column. Thus, at m=11, tm is +3.5°C which means 
that the mean temperature of the air column below 11000 feet is 3.5°C; 
again, at m=7,t, is 7.5°C, meaning that the mean temperature of the 
air column below 7000 feet is 7.5°C. The values of ¢,, are plotted in 
Fig. 2. 


5b. COMPUTATION OF APPROXIMATE MEAN TEMPERATURE 


The mean temperature, tn, may be approximately determined by 
the observation of two free air temperatures, the temperature at the 





cate 








geen tina 
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ground, to, and the temperature at the altitude of flight, ¢,. Then 
approximately, 
it, 

tn = , (27) 
As an example, if the temperature at the ground is 16°C and at the 
altitude of flight is —8°, 

ipo wlll 

2 

Compare this value with +3.5°C, the value previously obtained by 
computation. This gives a difference of 20 feet in the temperature 
correction. 

Irregularities in the isothermal altitude-temperature curve will 
increase the error of this approximation, as for example, an increase in 
temperature with increase in altitude instead of the usual decrease, or 
any marked deviation of the isothermal altitude-temperature curve 
from a straight line. The lower altitude of the stratosphere is the upper 
altitude limit to which the approximation applies, this altitude varying 
from 30,000 to 40,000 feet. 


¢ COMPUTATION OF THE TEMPERATURE CORRECTION AND MEAN TEMPERATURE FROM 
TRUE ALTITUDE PRESSURES AND TEMPERATURES 


It seldom happens that the temperature correction and the mean 
temperature of the vertical air column are required if the complete 
true altitude-pressure and altitude-temperature data are available. 
The methods of computation are, however, outlined below and the 
results of a mean temperature computation given. 

If the given data have been computed from no other observations 
save pressure and temperature it follows from equation (24-b) that the 
temperature correction at any one altitude is the difference h—Z 
where, as before, Z is the isothermal altitude determined by the 
pressure corresponding to the altitude h. The value of Z may be ob- 
tained from the altitude tables. The mean temperature at this altitude 
is also uniquely determined. 

In the case where other factors, as humidity and gravity, have 
entered into the original computation, the mean temperature must be 
computed. The temperature correction at the altitude corresponding 
to a mean temperature is then easily computed with the aid of the 
temperature correction table of the altitude tables. 

Most frequently the situation requires the computation of the mean 
temperature. There are two possible procedures, the more direct one 
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being given below.” The mean temperature is to be computed from a 
true altitude-temperature curve, not, as hitherto, from the isothermal 
altitude-temperature curve, so that 7, must be defined ‘to make use of 
equal intervals of true altitude. The formula 


Ps 


ff ana+ J 1 0+0.376 <) (7) 
0 g P 
can be written 


h 
— pate f (1+0.376 “y¢ (28) 
The temperature T,,, is aie by 


Lf dh= {? (29) 
h 


1 > 


o 


_ (30) 
i dh 


o 


Substituting from equation (29) into equation (28) and integrating 
P. 
a Jf ato we% (31 
Te 6, peat ae 


By a comparison of the latter equation with the earlier equation (12), 
it is seen that the mean temperatures, 7, are identical, although the 
definition differs in the two cases, and also the computation. 


1 , , , 
The computation of rT. at any altitude is made in the following 


m 


manner from the true altitude-temperature curve. Divide the alti- 
tude-temperature curve into equal intervals of altitude so that 6, 2, 
—-—-—96, each sensibly represent the average temperature of the alti- 
tude intervals, 4:1, h2— — —hy, as illustrated in Fig. 5. 
With this procedure in mind, 6 and 7,, being the absolute temper- 
n 


atures in °C, — is calculated from the following expression: 
n rg 1 1 
——= +2+--+2=2(7) (32) 
I = 6; 62 On 67 n 


12 Computer’s handbook, British Meteoro. Office, 223, Sec. 2 p. 22; 1917. 
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from which 7, is then easily obtainable. The proof of equation (32) 
follows. The formula 
h 


/ & 
1 6 


0 


me h (20) 


in which, in order to avoid confusion, 6 has been substituted for 7, 
may be integrated by making 4, 42— —h, sufficiently small so that 














6:, 62— — 9, are sensibly the mean temperatures of the intervals. 
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Fic. 5. Layout of altitude-temperature curve for computing harmonic mean temperatures. 


hy he hy h,, 
+—-+-+-- 


n 


" h 
aie 
Be. 
+ 
It is necessary that A;=h,=——=h 


n 


Therefore nh,=h and 


1 1 
h, > (;). nh, > (5). 


> 
le h nh 











742 W. G. BROMBACHER [J.0.S.A. & R.S.1., 7 


n 1 
—_ = > (*) (32) 
: 6/7 x 


The calculation for T,, having been made for either one particular 
altitude or for several altitudes, the value of Z, the isothermal altitude 
corresponding to 7, and # must be found, the procedure for which has 
already been indicated, in order to obtain the temperature correction. 
It is best to plot 7,, against the corresponding isothermal altitude Z 
in order to be able to determine the temperature correction at any 
altitude. 

The temperature 7,, is known as the harmonic mean temperature 
when it is computed from formula (32). 


and finally 


7. CompLete COMPUTATION OF AN ALTITUDE 


An illustrative example has been given of each step in the computa- 
tion of altitude from pressure and temperature observations. These 
examples will now be brought together, with some additions, to form 
an illustration of the complete computation of the altitude of a flight 
from a set of observations. No instrumental corrections will be con- 
sidered in this computation, these being assumed as already applied 
to the observations. One exception is made, however, since this 
correction requires additional observations. 

The observations: 

(a) Pressure at level of ground. 


At time of take off 758.6 mm 

At time of landing 758.2 mm 
(b) Pressure at altitude of flight. 

Pressure 506.6 mm 


(If the temperature variation is large during the flight, a flight history 
test may be necessary to determine the pressure. A knowledge of the 
instrument temperature during the flight is then needed. This case is 
here assumed, the temperature of the pressure element being given 
on page 743.) 
The Computation of the Altitude. 
1. Isothermal Altitude. 
Averaging the two ground pressure observations there results 758.4 


mm of mercury. 
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(c) Temperature observations made in flight 














Isothermal Altitude Temperature Free Air 
Read on altimeter) of Pressure Element Temperature 
Feet Cc 7 
0 16 16 
2000 13 10 
4040 10 7 
6020 6 + 2.5 
8000 3 — 3 
10110 — | — 6 
3 


11030 —, — 8 





From Table 13, Part 4, by interpolation, 
506.6 mm corresponds to 11070 feet. 
758.4 mm corresponds to 40 feet. 
The difference is the isothermal altitude, 11030 feet. 
2. The Temperature Correction. 

From the free air temperature and corresponding isothermal altitude 
the mean temperature of the vertical air column is computed and found 
to be +3.5°C. The computation for this case is made in Section Sa, 
Part 2. The additive correction for the temperature +3.5°C and the 
isothermal altitude of 11030 feet is found from Table 13a, Part 4 


Isothermal altitude 11030 feet 
Temperature Correction — 250 
Altitude 10780 feet 


3. Altitude above Sea Level. 
To obtain the altitude above sea level, the elevation of the field 
above sea level must be known. 


Altitude 10780 feet 

Elevation above sea level (assumed) 700 feet 

Altitude above sea level 11480 feet 
PART 3 


THE CORRECTIONS DUE TO HuMIpITy, VARIATION OF GRAVITY, 
AND ATMOSPHERIC CIRCULATION 


1. THe Humipity Correction INCLUDING OBSERVATIONS, INSTRUMENTS USED AND 
COMPUTATION OF CORRECTION AND MEAN Humoipity Ratio 


While the effects of (a) water vapor in the atmosphere, (b) variation 
of the acceleration of gravity, and (c) the circulation of the atmosphere 
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on the determination of altitudes are usually negligible from a practical 
standpoint, a discussion of these corrections and their amount will 
nevertheless be given. 

The observations needed to compute the humidity correction are 
the vapor pressures, e, and the corresponding barometric pressures, P, 
at a number of altitudes. The vapor pressure is not an observed quan- 
tity but is computed from the observation of relative humidity and 
corresponding temperature. It is thus evident that the relative humid- 
ity is the only additional quantity that must be observed in flight, but 
the observation of temperature and pressure must be simultaneously 
made with it. This isaccomplished by a meteorograph which is a baro- 
graph, thermograph and hair hygrograph combined, a full description 
of which may be found elsewhere.“ After the instrumental corrections 
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have been applied there are available at any one altitude of flight (a) 
the pressure, from which the approximate altitude can be found from 
the altitude tables, (b) the temperature, and (c) the relative humidity. 
The vapor pressure can be found (1) by finding the saturation pressure 
of water vapor corresponding to the temperature from physical or 
meteorological tables or from the latest experimental source.“ Then, 
(2) the vapor pressure is given by the product of the relative humidity 
and the saturation pressure, a direct consequence of the definition of 
relative humidity. 


%N. A.C. A. Report No. 126, Part IV. 
% Scheel and Heuse, Ann. d Phys. 3/, pp. 715-736; 1910. 
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Tables® exist which give the vapor pressure directly in terms of the 
temperature and relative humidity. The computation of isothermal 
altitude and vapor pressure must be made at a sufficient number of 
altitudes so that curves can be drawn similar to Fig. 6. The necessary 
observations and the computation of the vapor pressure are illustrated 
by the following example in tabular form. 





TABLE 3 
” . Vapor 
Pressure Isother. Alt. lemperature Relative 
- a rg pressure 
mm of Hg feet humidity mm of Hg 
758.4 0 16 65 8.8 
706.0 2000 10 70 6.4 
655.2 4040 7 70 5.3 
609 4 6020 + 2.5 69 3.8 
566.8 8000 — 3 67 2.4 
1 


524.6 10110 — 6 62 


o 
o 


The unabridged altitude formula (16) may be written: 


H=h [ 1+0.376 (5) | (G) (L) 


Therefore, neglecting G and L, the additive humidity correction is 


0.376 (<). h (33) 


rhe computation of the mean relative humidity, (5) , is made from 


m 


the formula, its proof being given later, 


€:  €2. @3 en fe 
S Fe ep oe} > (£) 


(<) Pi PP, Ps P, P (34) 
P/] m n n 

. . e1 En e e . 

in which — ,— — —— are sensibly the mean values for respective equal 


P, P, 
intervals of isothermal altitude. The method of division of the e and 
P curves into equal altitude intervals and the values of e:——— 
and P,,— — —are indicated in Fig. 6. 


- € : : : 
rhe values of (<) are computed in this way for any one particular 


4% Smithsonian Meteorological Tables, 4th Ed., Table 78. 
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altitude. To obtain the humidity correction, (5) just found is sub- 


m 


stituted into equation (33), in which h, of course, is the altitude deter- 
mined by pressure and temperature. 


e 
If the correction is desired at all altitudes of flight, compute (<) 


for anumber of altitudes by formula (34), substitute each value obtained 
into (33) with the proper h, and then plot the correction against the 
altitude #, as in Fig. 7. The correction is in all cases to be added to 
the value of # obtained from pressure and temperature observations. 








376 (S) bh 
Phy 
—_— “vr 
Fic. 7. Altitude-humidity correction curve. 


It remains to prove that 


P 


ef 
“) ~ a ii (34) 
(5).-— 
By definition 


log Ps 


© dlog P 


P 
(<) = af (11) 
P/] m log Po—log P 


Referring to the definition of mean temperature and the proof that it 





equals 5 given in Part 2, it will be seen that in (11) and (9) the defi- 
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P ‘ Te . ‘ 
nition of the means are identical if Pp be substituted for 7, therefore the 


proof there given holds for equation (34). 


2. “Humipiry Correction DATA 


It is difficult to find a representative average for the humidity 
correction on account of the large seasonal and daily variations, 
the first due to the temperature variation and the latter to the varia- 
tion of the relative humidity. However, an effort has been made 
to determine the seasonal variation of the correction, the daily cor- 
rection being ignored. This is done by calculating the correction 
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Fic. 8. Curves for computing (;) when isothermal altitude is unknown. 
m 


for the relative humidity of 100%, or saturation pressure, for both 
summer and winter, using the observations for the United States. 
In order to find the pressure of the saturated vapor, use is made of 
the temperature observations, the corresponding vapor pressure 
being found from saturation pressure-temperature data given in 
physical and meteorological tables. The results of the calculation are 


*M. W. R. loc. cit. 
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given in Fig. 9, the conditions being given for the corresponding true 
altitude A. 


ah . : . . ° ° . e 
he only point of interest in the calculation is that of finding (5) 


from a curve such as shown in Fig. 8. The formula: 


e 
(; a > (5). 
5). = n 

; ; ~~ €n : 
was used in which Pp, a are the means for equal intervals of alti- 

n 

tude, 4. The justification for this formula is not obvious, but it is 
proved in exactly the same way as the expression for the mean temper- 
ature, T,,, was derived from temperatures at equal intervals of true 
altitude. 

Fig. 9 gives in addition to the winter and summer corrections, the 
humidity correction for an average yearly condition of vapor pressure 
and temperature in the United States (approx. lat. 41°), computed for 
2000 feet intervals of altitude. An inspection of the humidity correc- 
tion data calls attention to the following facts, which are true in spite 
of wide possible variation from the corrections given. 

(a) The magnitude of the corrections relative to the altitude is 
small. 

(b) The corrections are practically constant above 20000 feet in 
the summer and practically zero during the low temperature of winter. 

Before concluding the discussion on the amounts of the humidity 
correction, the humidity correction incorporated into the altitude- 
pressure tables given in Table 13, Part 4, will be discussed. 

The occasion of this correction occurs when the value of K in 

ZoK leg 

is found to be 62579, but the tables are computed from a value of K 
equal to 62900, Z being in feet. As the temperature correction also 
c»ntains Z as a factor, i.e. 

tm—10 

283 

the value of K adopted increases h by 

62900 — 62579 


62579 


This 0.5% increase is equivalent to the correction for an average value 


= £240 
= .J1/o- 
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of humidity’ corresponding to a mean temperature of 10°C. As is 
evident from Fig. 9, this correction is accurate at lower altitudes, fitting 
the average yearly correction at about 6000 feet. At upper altitudes 
the constant correction does not usually fit probable humidity condi- 
tions. The error thus introduced is always less than 0.5% even at 
the high altitudes where the deviation is greatest, and therefore is not 
serious. 


42 
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Fic. 9. Humidity correction chart. 





If a result independent of the humidity correction is desired, it will 
be sufficient to subtract from the altitude obtained by use of the 
altitude-pressure tables 

62900 — 62579 


————§—h= 5%h 
62900 


17 Smithsonian meteorological tables, 4th Ed., Table 54. 
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The altitude tables of the Smithsonian Meteorological Tables, 4th 
Ed., which do not include the humidity correction may be used for this 
purpose. 

It is interesting in this connection to notice that the gravity correc- 
tions given in the following section are usually of the same sign as the 
humidity correction. The incorporation of the humidity correction into 
the tables which is slightly excessive at high altitudes, is thus largely 
compensated for by the neglect of the gravity corrections. 


3. THe CORRECTION FOR THE VARIATION OF GRAVITY 


The corrections given in table 4 for the variation of the acceleration 
of gravity with altitude, G in formula (16), are taken from the Smith- 
sonian Meteorological Tables, 4th Ed., Table 55, for levels up to 
20 000 feet. 


TABLE 4.—Gravity Correction for Altitude 











; Additive 
Altitude, / Correction 
1000 Feet Feet 
0 0 
5 1 
10 5 
15 11 
20 | 19 
25 30 
30 40 
35 54 
40 71 





The remaining values are computed from / (3) in which / = altitude 


corrected for temperature. R=mean radius of earth, =6367.3 km. 
The values of the correction for variation of gravity with latitude, 
indicated by (L) in Formula (16) given in table 5, are also taken from 
the Smithsonian Meteorological Tables 4th Ed., being obtained from 
Table 53 by subtracting from its values the correction entailed by the 
use of a mercurial barometer. 
The Tables disclose that the corrections may be neglected. 
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TABLE 5.—Gravily Correction for Latitude 





Altitude in 1000 feet, A 

















N. or S. —e cen 

Latitude 0 5 10 15 20 
0 0 +13 +27 +39 +52 
10 0 +13 +25 +37 +49 
20 0 +10 +21 +30 +40 
36 0 — 4% +14 +19 +26 
40 0 + 2 + 5 + 6 + 8 
45 0 0 0 0 0 
50 0 - 2 —4 — 7 -—9 
60 0 - 6 —13 —20 —27 
70 0 —10 —20 —30 —41 











4. Errect oF ATMospHERIC CIRCULATION 


There are three general aspects of the effect of atmospheric circu- 
lation. 


(a) The altitude formula involves the assumption that the atmos- 
phere is in equilibrium. There may be and usually are winds which have 
vertical and horizontal components, and both must be considered. 


WIND 
= Ver= Ve 


a 


EARTH 


Wind 
a Ver = Vy 


a ——- 


EARTH 
Fic. 10 





In determining the effect of the horizontal component of winds, it 
must be remembered that the acceleration of gravity, as measured on 
the earth’s surface is a resultant of that due to the attraction of the 
earth minus the centrifugal acceleration due to the earth’s rotation. 
Hence, the east component of horizontal winds reduce the centrifugal 
force acting on the atmosphere, as can be seen in Fig. 10. This in- 
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creases the effective acceleration of gravity. In a like manner a west 
component of a horizontal wind decreases the effective acceleration of 
gravity. Numerically, this change in acceleration in gravity introduces 
small errors into the altitude formula. Humphreys" calculates that 
the air of an east wind of 50 miles per hour in latitude 40° weighs 
more than the air of a like west wind by about one part in 1972, there- 
fore about one part in 4000 is the measure of the effect on the altitude 
formula in this case. This shows that this effect can be neglected in 
determining altitude. 
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Fic. 11. A distribution of vertical wind velocities. 


The vertical component of the wind is generally caused by the heating 
of the air at the earth’s surface. The air expands, becomes less dense 
than the air above it, and is forced up. Observations made in Great 
Britain” indicate that velocity distributions exist similar to those 
shown in Fig. 11 and that the velocities range to 1.4 meters per second 
for falling air and to 5 meters per second for rising air. The large verti- 
cal velocities are found during thunderstorms and hailstorms, and in 
the vicinity of cumulus clouds. 

Suppose vertical velocities to exist over a wide area in a layer of air 
at some altitude as for example layer ab in Fig. 11. It may be supposed 


‘6 Journ. Franklin Institute, 184, p. 530; 1917. 
‘® Manual of meteorology British Meteoro. Office, Part 4, 234; 1919. 
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that cumulus clouds are forming at level a. The condition is assumed 
to exist over a wide area, so that the frictional forces at the vertical 
boundaries have no effect. For this particular case, that of accelerated 
upward motion, the effective value of the acceleration of gravity will 
decrease; this variation from the normal value will rarely exceed one 
part in 400. It is to be further noted that for the altitude formula 
a mean value of the acceleration of gravity for the air column between 
the surface level and the upper level is required. This mean value 
will rarely have any significant deviation from the standard value incor- 
porated into the altitude formula. 

Where there is a marked upward vertical current, as at level b in 
Fig. 11 the pressure is lower than the normal for still air. Under such 
conditions the altitude of level 6 computed from the observations will 
obviously give a result greater than the true altitude. 

The simple case just stated assumes a steady state. In nature this 
may be far from true. For example, no vertical currents of practical 
importance may exist at the time of the ascent, and then assume a 
distribution such as indicated in Fig. 11 during the flight. This intro- 
duces an additional factor to consider in that the pressure values change 
at all levels from } to ground. 

The evaluation of the amount of this correction to the altitude 
formula has not yet met with success because of the number of varia- 
tions possible. It seems reasonable to believe the error is negligible if 
the surface pressure changed but slowly and no unusually large vertical 
velocities were encountered during a flight. 

(b) Whenever a flight of many hours’ duration or a long cross- 
country flight is made, there may be difficulty in making use of the 
indications of the instruments because of the changes usually taking 
place in the atmospheric circulation. Two examples indicate the 
character of the difficulties. 

In a flight of many hours duration the pressure may change with time 
as in Fig. 12. Now, in order to determine the altitude at point X, the 
value of mean temperature ¢,, and surface pressure vertically below X 
should be known. Practically, it is usually sufficient to average the 
surface pressures at the beginning and end of the flight. 

Apparently the only way of getting the mean temperature ¢,, is to 
use the temperature readings secured by the pilot during the ascent. 
This introduces no serious error under the usual conditions of flight, at 
least none greater than the instrumental errors. 
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In cross country flying, it may be vital to know the elevation above 
the ground for landing purposes. Fig. 13 represents a possible cross- 
country flight condition. Here the topography of the country varies so 
that the landing field has a lower elevation than the field of ascent. 
Also, the atmospheric conditions are such that the flight is from a 
region of high surface pressure into a region of low surface pressure. 
It is obvious that in this case a successful landing by instrument is 
impossible without information about the elevation of the landing 
field and the ground pressure at the landing field. 
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Fic. 12. (Upper) Curve illustrating variations of barometric pressure at various levels 
above the station during a time of flight. 
(Lower) Illustrating cross country flight, the elevation of the surface changing 


as well as the pressure. 


Fic. 13. 


(c) There are certain errors in the indication of the pressure instru- 
ments due to atmospheric circulation, or artificial circulation, as the 
slip stream of the propellor, which the correct mounting of the instru- 
ment obviates. The discussion of these effects is out of place here. 

It is a pleasure to record the encouragement and advice of Dr. F. L. 
Hunt, Mr. J. A. C. Warner, and Mr. A. H. Mears of the Bureau of 
Standards. Mr. M. D. Hersey by his keen and penetrating criticism 
has added much to the paper, which debt is gratefully acknowledged. 
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PART 4 


TABLES OF UppER AIR OBSERVATIONS, AIRCRAFT PERFORMANCE 
STANDARDS, AND ALTIMETER CALIBRATION STANDARDS 


1. AttitupE TABLES 


1. Upper air observations—yearly average for United States. 

2. Upper air observations—means for Canada. 

3. Upper air observations—means for S. E. England. 

4. Upper air observations—summer means for Continental Europe. 

5. Upper air observations—winter means for Continental Europe. 

6. Upper air observations—means for Equator. 

7. Upper air observations—means for Italy. Altimeter calibration 
standard—Italian. 

Aircraft performance and altimeter calibration standard—French 
(Radau). 

9. Aircraft performance standard adopted in 1919 by United States 

Air Service (Radau). 

10. Aircraft performance standard—British. 

11. Aircraft performance standard—S. T. Ae. (French); N. A. C. A. 

12. Aircraft performance standard—Federation Aeronautique Inter- 

nationale. 

13. Altimeter calibration standard—United States. 

13a. Temperature correction table. 

14. Altimeter calibration standard—British. 

15. Altigraph calibration standard—French (Richard). 

16. Aircraft performance standard—German. 

17. Altimeter calibration standard—German. 


oe 


2. DESCRIPTION OF THE TABLES 


The following 18 tables come under one or more of three subdi- 
visions : 

1. Upper air observations in United States, Canada, England, middle 
Western Europe, and at the Equator. The wide divergence of the ob- 
servations of pressure and temperature at various locations on the 
earth as shown by the tables is more than equalled by the seasonal 
divergence from the yearly means at each point, save at the equator. 

2. Aircraft Performance Standards. Many countries have adopted 
a standard atmosphere to which the performance of aircraft may be 
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referred. The details of the relation of each standard to upper air 
observations will be discussed in detail later, but each standard atmos- 
phere justifies its existence by the closeness with which it approximates 
the mean of upper air observations. 

3. Altimeter Calibration Standards. These vary in the temperature- 
altitude assumptions, the British and American assuming an iso- 
thermal atmosphere, the French have no standard used by all manu- 
facturers; the Italians a standard based on upper air observations. 
None will give the true altitude except under the unusual condi- 
tion of the atmosphere being “‘standard” at the time of flight, so that 
an accurate determination of altitude calls for both pressure and tem- 
perature observations. 

Each table will now be discussed in detail. 

Table 1. This table of average yearly upper air observations given 
by W. R. Gregg” is the result of air soundings made at Fort Omaha, 
Nebr.; Indianapolis, Ind.; Huron, S. Dak.; and Avalon, Cal. The data 
for altitudes above 30,000 feet were found by interpolation from curves. 
The relative density was computed. 

The density was found from: 

P—0.378e _ 
ga ———_——- F 

T 
in which p=Density in Kg/m' 
P = Barometric pressure in mm of mercury 
e= Vapor Pressure 
T = Absolute temperature in °C 
1.293 X 273 
760 

It is also to be noted that mean values of upper air soundings for the 

approximate latitude of 40° have been given by Gregg” in a later 


K =A constant = 


publication. 

Table 2. Means of upper air observations in Canada ** * mainly 
at latitude 43°. 

Table 3. Means of upper air observations in south-east England.” 
The means are the results of 167 soundings, obviously however, not all 


2° Mean values of free-air pressures, temperatures, and densities over the United States 
Monthly Wealth. Rev., p. 11; Jan. 1918. Standard atmosphere, N. A. C. A. Report No 
147; 1922. 

*1 Patterson: Upper air invest. in Canada, Part I. 

* W. H. Dines: The characteristics of the free attosphere. Geo. Mem., 13, British 
Meteoro. Office, 220c, p. 63; 1919. 








eae ila ee 





a 


ni wo ~ 








feerer enews 


Wee ne AR 8 





nt wel! 


athe, an 0 5) 





Sept., 1923] ALTITUDE OF AIRCRAFT 757 


at the maximum altitude. Means for Ireland, Scotland, and Manches- 
ter are included in Dines’ paper, but are not given here because the 
southeast England observations are the basis of the English aircraft 
performance standard. 

Tables 4-5. Summer and winter means of air soundings made at 
Trappes (Paris), Uccle (Brussels), Strassburg, and Munich. These 
cities are between latitudes 48° and 51°. The tables have been com- 
piled by Humphreys.* The tables given an adequate idea of the 
shifting of pressures and temperatures at any one altitude with the 
seasons. 

Table 6. Mean of air soundings at the equator.“ The striking 
fact brought out is the great height and low temperature of the strato- 
sphere. Values of pressure and temperature are given by Dines for 
altitudes 18, 19 and 20 km but he questions their accuracy owing to 
the limited number of observations. 

Table 7. “‘Means of upper air observations” and “Altimeter cali- 
bration standard for Italy” are identical except for a rounding off of 
the quantities in the second table. These means are based on the 
observations made in Italy and have been compiled by Mario Tenani 
and published in February 1918 in “Publicazioni del Personale’’ at 
Vigna di Valle. This table has been adopted by the Italian Air Service. 

Table 8. Aircraft performance standard and one of the altimeter 
calibration standards used in France, based on Radau’s formula.” 
Table 11 has replaced this since 1919 as the French aircraft perform- 
ance standard. 

The formulas from which the computations are made follow: 


760 tott 
H = 18400 | - (1+ ) 
tell; 500 


to =15°C 
t=t,»—0.08 (760—P) 
273+15 P 


Po 


27344 760 
Po=1.225 kg/m! 


* W. J. Humphreys: The temperature, pressure, and density of the atmosphere in the 
region of northern France. Monthly Weath. Rev., p. 159; March, 1919. 


*W. H. Dines: Circulation and temperature of the atmosphere. Monthly Weather 
Rev. 43, p. 55; 1915. 


* R. Radau, Le Moniteur Scientifique; April, 1864, pp. 1-11, Les Mondes, Paris; 1864. 





W. G. BromMBACHER [J.0.S.A. & R.S.1., 7 


in which 
H is the altitude in meters. 
P is the pressure in millimeters of mercury. 
t and ¢ are temperatures in °C. 
p and pp are densities in kg/m’. 

In this group of formulas it is assumed: (1) that temperature lapses 
with pressure; (2) that the mean temperature of the air column is the 
average of the ground temperature and the temperature at the upper 
level; and (3) that the reduction of a factor from 546 to 500 corrects for 
humidity. 

Originally, this altitude formula known as Radau’s formula, was 
used for very moderate altitudes only, for which its temperature lapse 
rate is a fair approximation. The extension of its use to the altitudes 
now attained leads to large differences from observed mean values of 
pressure and temperature. This has led to the standards of the S.T.Ae 
(Table 11) and F.A.I. (Table 12), which agree more closely with ob- 
served mean values. There is much in favor, however, of the simplicity 
of form of the Radau formula. 

Table 9. Aircraft performance standard for the Air Service, U. S. A. 
adopted in 1919. This table is computed from the Radau formula, a 


discussion of which is given in notes on Table 8. The units being dif- 
ferent, the formulas are repeated. 


29.92 ut) 
H = 60367 log —— (14-2 
Oe oe ( * 500 


to =15°C 
t=ty—2.032 (29.92—P) 
273+15 P 
ad a ee 
273+t 760 
po=1.225 kg/m? 

in which the altitude H is in feet and the pressure in inches of mercury; 
all else as in Table 8. 

Table 10. Aircraft performance standard for England.” The source 
from which the table is taken gives the relative pressure, the tempera- 
ture, and the relative density. The pressure and densities given in the 
table have been computed from the relative pressure and density. The 
mean of upper air observations, given in Table 3, forms the basis of this 
table. Replaced in 1922 by Table 11. 


%* H. G. Tizard: Methods of measuring aircraft performance, Aeronautical Journal, 2/, 
p. 108; 1917. 
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Table 11. Aircraft performance standard, officially adopted in 
France and England, computed from S.T.Ae formula.” This has also 
been adopted by the National Advisory Committee for Aeronautics” for 
altitudes below 10 kilometers and is under consideration by the 
United States Navy. The development of this standard is mainly 
due to Toussaint. This performance standard is unique in assuming a 
discontinuity in the temperature lapse rate at 11 kilometers. Below 
11 km, the temperature at any altitude, ¢, is given by: 

t=15—0.0065 H 
while at greater altitudes a constant temperature of —56.5°C is 
taken. The temperature assumptions were made so as to agree as 
closely as possible with the means of European observations, and they 
do so admirably. 

The expressions for the pressure, P, and density, p, for altitudes 
below 11 km are: 


PoP (== 0065 =)" 
— 0 288 


288 — .0065 H\*?55 
_— ( 288 ) 
and for altitudes above 11 km: 
Z—11000 
14600 


log P =log Pu- 


P 
p aa ® 
in which 
P» =Pressure at the surface = 760 mm of mercury. 
P,,=Pressure at 11 km. 
H =Altitude above the surface in meters. 
Po =1.225 kg/m’ at Py and 15°C. 

Table 12. Federation Aeronautique Internationale Aircraft per- 
formance standard developed by Rudolphe Soreau.”” The mean 
values of pressure and temperature of forty upper air soundings made 
in Europe during the first six months of 1912, are taken as the standard 
by which Soreau checks his formula. As in all other formulas for 


*7 A. Toussaint; L’Aeronautique; Oct., 1919, P. Grimault; N. A. C. A. Rev. of Aero. 
Works, Nos. 7-8; 1920. T.M. Barlow; Aero. Jour., p. 152; 1922. 

°° W.R. Gregg, N. A. C. A. Report No. 147; 1922. 

*® Experimental laws concerning the variation of barometric pressure and the density of 
uir with changes in altitude. L’Aerophile. 27, p. 335; 1919. Comptes Rendus; Dec. 1919. 
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standard atmosphere, the rate of the temperature decrease with altitude 
is the most important fact. Soreau, however, groups the factors of the 
altitude formula in two parts, the “logarithm” and “a function of pres- 
sure” factors. Thus: 


Po 
H=A log P 
A=5 (3064+1.73 P—0.0011 P?) 
therefore 
760 
H =5 (3064+1.73 P—0.0011P?) log = 
p P 
ps 7601 (P) 
in which H is the altitude in meters. 


p is the pressure in mm of mercury. 

Po is the density of the air at the surface pressure of 
760 mm. 

p is the density at the level of pressure P. 

f (P) is a function of the pressure, the value of which 
may be found in the original paper. 

Since the variable A depends on pressure only, the equations do not 
give the ground level temperatures. Without the ground level temper- 
ature, the density cannot be computed. Neither of these quantities is 
given in the original paper. It seems that for the purpose of comparison 
the density at the ground level should be known. 

Table 13. Altimeter calibration standard for the United States.” This 
standard is Table 51 with the inclusion of an average humidity correc- 
tion derived from Table 54, of the Smithsonian Meteorological Tables, 
4th Ed. It is calculated from: 

Z =62900 (log Po—log P) 
in which Z is the altitude in feet, and P is the corresponding pressure 
in either inches or millimeters of mercury. The ground pressure, Po, is 
assumed to be 29.90 inches of mercury or its equivalent, 759.6 mm of 
mercury. 

Table 13a. The temperature corrections for a deviation from a mean 
temperature of +10°C of the vertical column of the atmosphere. This 
table is calculated from: 

tm—10 
283 





* Bur. of Stds. Cir. No. 46; 1922. 
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in which Z is the isothermal altitude in feet and f¢,, is the mean tempera- 
ture of the vertical column of air below the altitude Z. 

Table 14. Altimeter calibration standard for England. This is 
computed from the identical formula used in computing Table 51, 
Smithsonian Meteorological Tables, 4th Revised Ed.; 


29.90 
Z = 62584 log —— 


in which Z and P have the usual meanings. 

It is assumed in this formula that the air has a uniform temper- 
ature of +10°C. A comparison of this formula with the formula given 
in the notes on Table 13 shows them to be similar except for the con- 
stant terms 62584 and 62900. The term in Table 13 includes correction 
for average humidity. 

Table 15. Altigraph calibration standard used in calibrating some 
barographs and altigraphs manufactured by Richard in France. This 
short table is taken from a placard mounted in the barographs. As it 
corresponds to scale on many Richard barograph charts, its use as one 
standard is established. The formula of calculation includes the 
assumption, given on the placard, that the temperature decreases 
0.8° C per 100 meters increase of altitude. 

Table 16. Aircraft performance standard of Technical Section of 
Military Aeronautics, Germany. 

Table 17. German altimeter calibration standard. This table* is 
an approximation of the averages of upper air observations. The 
temperature lapse rate is taken to be 5°C per km. 


“ H. Blasius. Tech. Berichte, 3, (No. 6), p. 193; 1918. E. Everling Tech. Berichte, /, 
(No. 6), p. 255; 1917. 
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3. THe TABLES 


TaBLe 1. Upper Air Observations: Average Yearly for United States 





1 2 3 4 5 6 








Altitude Pressure Tempera Vapor Density Density 
1000 ft. mm Hg ture °C Pressures kg m Relative t 
mm Hg 1.225 kg’) 
0 760.0 19.1 10.54 1.202 0.981 
1 736.4 17.1 9 27 1.172 956 
2 710.2 15.1 8.05 1.140 930 
3 685.0 13.1 7.01 1.108 904 
4 659.9 11.7 6.15 1.073 876 
5 637.0 10.4 5.41 1.040 849 
6 614.2 9 3 4.78 1.006 821 
7 592.1 7.5 4.17 0.977 798 
8 570.5 5.7 3.58 948 77 
9 549 4 3.9 3.07 919 750 
10 528.3 + 2.1 2.64 890 727 
11 507 .8 + 0.2 2.26 862 704 
12 488 .7 ax $5 1.93 835 682 
13 469.9 — 3.4 1.65 OS 660 
14 452.1 — 54 1.40 783 639 
15 435.1 — 7.2 1.17 758 619 
16 418.9 —~ 90 0.99 736 601 
17 ‘ 402.3 —11.0 81 712 582 
18 387 .1 — 13.0 69 690 564 
19 371.6 —15.0 56 608 545 
20 356.1 —17.0 48 645 527 
™ 21 341.9 —19.0 41 624 310 
22 327.9 = o 33 605 494 
23 313.9 23.2 28 584 477 
24 301.5 —25.2 23 565 461 
25 289 3 —27.2 20 546 446 a 
26 277.4 —29.2 18 528 431 
27 265 .7 = 3i 2 15 510 416 
28 254.3 33.1 13 492 402 
29 243.6 —35.0 10 476 389 
30 233.7 —36.8 08 459 375 
31 225 —38.7 $44 362 j 
32 216 —40.3 428 349 3 
33 206 —41.9 413 337 j 
34 197 —43.5 398 325 i 
35 188 —45.0 03 383 313 
36 179 —46.7 309 301 
37 171 —47.9 355 290 
38 164 —49 0 340 278 
39 158 —50.0 327 267 
40 151 —50.8 009 313 256 
45 119 —54.0 006 251 205 ; 
50 95 —55.3 004 199 162 
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TABLE 2. Upper Air Observations: Means for Canada 





1 2 3 4 
Altitude Pressure Temperature Density 
km mm Hg a kg/m? 
0 762.8 9.0 1.258 
| 677 .3 5.3 1.134 
; 2 598.5 +18 1.011 
3 527.3 — 3.4 0.905 
4 463.5 — 8.9 815 
5 407 3 —15.3 733 
6 356.3 —22.1 662 
7 309 8 —29.5 592 
8 268.5 —37.1 528 
9 231.8 —43.7 470 
10 199.5 —49 8 415 
11 171.0 —$3.7 365 
12 146.2 ~56.8 314 
13 125.2 —59.0 268 
14 106.5 —59 5 233 
15 90.0 —62.0 198 





Che observations were made in latitude 43° approximately. 


TABLE 3. Upper Air Observations Mean for S. E. England 





1 2 3 4 








Altitude Pressure Temperature Density 
km mm Hg ~~ kg/m? 
0 760.5 9.0 1.253 
1 675.1 5.0 1.128 
2 596.3 + 0.2 1.014 
3 524.3 - 5.3 0.909 
4 461.3 —11.3 819 
5 403.5 —18.2 .735 
6 351.8 —25.2 658 
7 305 .3 —32.3 589 
8 264.0 —39.4 524 
9 227.3 —45.5 463 
10 195.8 —50.8 409 
11 168.0 —53.4 355 
12 144.0 —54.2 305 
) 13 123.0 —54.3 261 
14 105.0 —54.1 .223 
15 90.0 —54 191 
16 76.5 —54 162 
4 17 65.6 ~§ 139 
18 56.2 —54 119 
19 48.1 —54 102 
1 —54 087 


20 41 
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TABLE 4. Upper Air Observations: Summer Means for Continental Europe 
1 2 | 3 | 4 5 
Altitude Pressure | Temperature Vapor Pressure Density 
km mm Hg = mm Hg | kg/m* 
0 762.5 | 14.8 10.5 1.224 
0.5 718.8 13.6 2 1.159 
1.0 677 .2 11.8 7.8 1.100 
3 637 .8 9.0 6.2 1.046 
2.0 600.3 6.3 | 5.0 | 0.995 
2.5 564.7 3.6 4.0 946 
3 530.8 + 1.0 3.1 898 
4 468 .2 — 4.3 1.9 808 
5 411.9 — 99 1.1 .727 
6 361.3 —16.3 0.6 .653 
7 315.8 —23.3 .587 
8 275.0 —30.8 527 
9 238.4 —38.3 472 
10 205 .8 —44.9 .419 
11 176.9 —50.1 . 369 
12 151.8 —52.9 319 
13 130.1 —52.8 .274 
14 111.6 —52.4 234 
15 95.7 —52.0 } .201 
16 82.0 —51.6 172 
17 70.3 —51.1 .148 
18 60.3 —50.2 127 
19 51.7 —49.6 .109 
20 44.4 —49.0 093 
25 20.6 .043 
30 9.6 020 
35 4.5 .009 
40 2.1 004 





The values below 15 km are the average of over 100 observations, while those above 
15 km result from a rapidly decreasing number. 
latitudes 48-51°. 


The observations were made between 











Sept., 1923] ALTITUDE OF AIRCRAFT 


~ 
n 
nn 


TABLE 5. Upper Air Observations: Winter Means for Continental Europe 





1 2 3 4 5 
Altitude Pressure Temperature Vapor Pressure Density 
km mm Hg | . mm Hg kg/m? 
0 763.3 + 1.7 4.7 1.288 
05 717.4 + 1.2 4.3 4.252 
1.0 674.1 — 0.6 3.6 1.147 
1.5 633.1 — 2.3 2.9 1.084 
2.0 594.4 — 42 2.3 1.025 
ye 557.7 — 6.5 1.7 0.970 
3 523.0 — 9.1 | 1.3 920 
4 458.9 —15.3 | 0.7 .827 
5 401.3 —22.2 743 
6 349.6 —29.3 666 
7 303 .3 — 36.6 596 
8 261.9 —43.6 530 
9 225.4 —49 6 469 
10 193.2 —54.3 410 
11 165.2 —56.8 355 
12 141.1 —57.2 303 
13 120.5 —56.3 259 
14 103.0 —56.5 221 
15 88.0 —57.1 189 
16 75.2 —57 3 162 
17 64.2 —57.6 138 
18 54.9 —57.6 118 
19 46.9 —57.6 101 
20 40.1 —57.6 086 
25 18.3 039 
30 8.3 018 
35 3.8 .008 
40 1.7 004 


The values below 12 km are the result of over 100 observations, while those above 
result from a rapidly decreasing number. The observations were made between latitudes 
48-51°. 


mot 














TABLE 6. 





U pper Air Observations: 











1 2 3 

Altitude Pressure Temperature 
km mm Hg a 
0 758.9 27 
1 677.3 22 
2 602 .3 17 
3 534.8 12 
4 474.1 + 6 
5 418.5 — 1 
6 368 .3 — 8 
7 322.5 —15 
8 282.0 —22 
9 245.3 — 30 
10 212.3 —38 
11 183.0 — 46 
12 156.8 —54 
13 133.5 —62 
14 114.0 —70 
15 96.0 —75 
16 80.2 —78 
17 67.5 — 0 

TABLE 7. Upper Air Observations—Means for Italy 
Altimeter Calibration Standard—lItalian 
2 3 4 
Pressure Pressure 
Altitude mm Hg mm Hg Temperature 
km Altimeters | Observations » 

0 762 761.8 15.5 
5 717 717.2 13.2 
1.0 675 675.1 10.7 
a 635 634.7 8.0 
2.0 597 596.9 5.1 
2.5 561 560.7 + 2.1 
3.0 527 526.7 — 0.7 
3.5 495 494.7 — 3.6 
4.0 464 463.5 — 68 
4.5 435 434.8 -— 99 
5.0 407 407 .2 —13.3 
5.5 380 381.0 —16.7 
6.0 355 356.3 —20.2 
6.5 332 333.2 —23.9 
7.0 310 310.6 —27.7 
2.5 289 289.5 —31.5 
8.0 269 269.5 —35.2 
8.5 250.9 —38.7 
9.0 232.7 —42.0 
9.5 215.6 —45.3 
10.0 199.5 —48 3 








Means for Equator 


5 


Density 
kg/m? 


1.223 
1.160 
1.102 
1.046 
994 
944 
897 
851 
807 
765 
726 
689 
653 





4 


Density 
kg/m 
1.174 
1.067 
0.968 
871 
789 
714 
645 
581 
522 
400 
419 
374 
331 
294 
261 
225 
191 
162 


6 


Density 
Relative 
1.20585 to 
kg/m? 
1.0139 
9622 
9137 
8678 
8243 
7829 
7435 
7056 
6692 
6347 


6024 
5714 
.5416 
5140 
4867 
4604 
4354 
4113 
. 3873 
3637 
.3406 
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TABLE 8. Aircraft Performance Standard* Altimeter Calibration Standard S. T. Ae. (French) 
Radau Formula 








1 2 3 4 5 
Altitude Pressure Temperature Density Density 
km mm Hg a kg/m? Relative 
0 760 15 1.225 1.000 
1 715 2 1.165 0.951 
2 674 9 1.110 906 
3 635 5 1.060 865 
4 597 2 1.010 824 
5 562 0 0.957 782 
6 526 — 3 905 739 
7 493 — 6 858 .700 
8 462 — § 810 662 
i) 434 —11 769 .628 
10 407 —13 .726 .594 
11 381 —15 .686 560 
12 356 —17 .645 526 
13 333 —19 612 500 
14 312 —20 573 468 
15 293 —22 542 442 
16 274 —23 510 416 
17 257 —25 482 393 
18 240 —27 453 370 
19 225 —28 427 349 
20 210 —29 400 327 





*See Table 11 for Aircraft Performance Standard now used by S. T. Ae. 
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TABLE 9. Aircraft Performance Standard* 
Radau Formula 








1 } 


3 











| 2 | 4 5 6 
Altitude | Pressure | Pressure | Temperature | Density Density 
1000 ft. In.Hg | mmHg | °C Kg/m Relative 
0 | 29.92 760.0 15.0 | 1.225 1.000 
1 | 28.86 733.0 12.8 | 1.191 0.972 
2 27.83 706.9 107 | 1.156 | 944 
3 | 26.82 681.2 | 8.7 | 1.122 | 916 
4 | 25.85 656.6 | 6.7 | 1.089 | 889 
5 | 24.91 632.7 48 | 1.057 | 863 
6 | 23.99 609.3 | 29 | 1.025 | 837 
7 23.10 586.7 | +1.1 0.993 | 811 
8 22.24 546.9 | —-06 | 963 786 
9 21.41 543.8 | — 2.3 .932 761 
10 20.60 $33.2 | -—3.9 903 737 
11 19.82 33.4 | -—-S5S |} 873 713 
12 19.07 | 4844 | —7.0 845 690 
13 18.34 465.8 — 8.5 817 667 
14 17.63 447.8 —10.0 790 645 
15 16.95 430.5 —11.3 764 624 
16 16.30 414.0 —12.7 739 603 
17 15.66 397.8 —14.0 713 582 
18 15.05 | 382.3 —15.2 688 562 
19 14.47 | 367.5 —16.4 665 543 
20 13.90 | 353.1 —17.5 640} 524 
21 13.35 | 339.1 —18.7 619 505 
22 12.82 | 32.6 | 19.7 507s 487 
23 12.32 | 3129 | -208 576 470 
24 11.83 | 3005 —21.8 555 | 453 
25 11.36 288.5 —22.7 _. 3 437 
26 | = 10.914 277.1 —23.6 516 421 
27 | 10.47 265.9 —24.5 497 | .406 
28 10.05 255.3 —25.4 479 | 391 
29 9.65 245.1 —26.2 461 376 
30 9 26 235.2 —27.0 443 362 


' 








* Adopted in 1919 by 


U.S. Air Service. 
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1 2 j 3 | + 5 6 








Altitude Pressure Pressure | Temperature Density Density 
1000 ft. Relative | mmHg = | kg/m* Relative to 
760 mm | 1.221 kg/m* 

0 1.000 | 760 | 9 1.252 | 1.025 
1 0.964 | 733 7.5 1.214 0.994 
2 929 706 6 1.176 | 963 
3 895 680 45 | 1.138 | .932 
4 861 654 3 1.103 .903 
5 829 630 + 1.5 1.067 874 
6 798 | 606 0 1.032 | 845 
7 768 584 | — 1.5 0.999 .818 
8 739 562 — 3 967 792 
9 711 540 — 4.5 } 934 .765 
10 684 520 | — 6 904 740 
11 658 500 - 8 875 717 
12 633 480 —10 849 695 
13 607 461 —12 822 673 
14 583i 443 —14 796 652 
15 560 426 | —16 .769 .630 
16 538 409 —18 745 .610 
7 516 | 392 —20 720 .590 
18 496 377 —22 697 | 571 
19 476 362 —24 .675 553 
20 456 | 347 to pif 653 535 
21 437 332 —28 629 515 
22 419 | 318 | —29.5 608 498 
23 402 | 306 —31.5 .587 481 
24 385 293 —33 567 .464 
25 369 280 — 35 547 448 
26 353 268 —37 527 432 
27 338 257 — 38.5 509 417 
28 324 246 —40.5 491 402 
29 310 236 —42 } 474 388 
30 296 225 —44 452 370 








*See Table 11 for standard now in use. 
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Aircraft Performance Standard 
S. T. Ae. (France) 

N. A. C. A. (United States) 
R. A. F. (British) 











1 2 3 4 5 
Altitude Pressure Temperature Density Density 
km mm Hg ~<— kg/m*® Relative 
0 760.0 15 1.225 1.000 
5 715.9 11.75 1.166 0.953 
1.0 674.1 8.5 1.111 907 
5 633.0 5.25 1.058 864 
2.0 596.1 2 1.006 832 
.5 560.0 — 1.25 0.957 781 
3.0 525.7 — 4.25 909 742 
3.5 493.1 — 7.75 863 704 
4.0 462.2 —i11 819 668 
4.5 432.8 —14.25 777 634 
5.0 405.0 —17.5 736 600 
5.5 378.6 —20.75 695 568 
6.0 353.7 —24 660 538 
6.5 330.2 —27.25 624 509 
7.0 307 .8 —30.5 589 481 q 
7.3 288.7 —33.75 556 454 q 
8.0 266.8 —37 525 428 
8.5 248.1 —40.25 495 404 
9.0 230.4 —43.5 .466 380 
9.5 213.7 —46.75 439 .358 
10.0 198.1 —50 412 337 
10.5 183.4 —53.25 387 316 
11 169.6 —55.5 364 297 
11.5 156.7 ° 336 274 
12.0 144.8 311 .254 
12.5 133.8 287 234 
13.0 123.7 265 216 
13.5 114.3 245 200 i 
14.0 105 .6 226 185 : 
14.5 97 88 210 171 : 
15.0 90.25 194 158 ; 
———  f§ 
* Temperature. The temperature adopted for altitudes above 11.0 km is —56.5°C. x 
re 
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Taste 12. F. A.J. Aircraft Performance Standard 


1 


Altitude 
meters 


0 
994 
2000 
3007 
4001 
5001 
5994 
6991 
7992 
8995 


10011 
11025 
12034 
13018 
14008 
15003 
15971 
16985 


TABLE 13a 


2 


Pressure 
mm Hg 
760 
672 
592 
520.9 
457 
399 
347 9 
301 
260 
224 


“ tN 


~~ — 


wnt x 


192 
164 
140 
120 
103 

82 


) 


64 


oO + 


- 


wun nN ht 


Tem perature C 


For temperatures 


Mean 
lemp 
( 5000 
10 10 0 
9 11 20 
8 12 40 
7 13 50 
6 14 70 
5 15 90 
0 20 180 
5 25 270 
10 30 350 
15 440 
20 530 
25 620 
0 


3 4 5 
: Constant Altitude Density 
A meters Relative 

18756 0 1.000 
18522 869 0.907 
18286 1808 819 
18116 2845 735 
17895 4019 649 
17681 5377 563 
17452 6952 469 
17217 8903 367 
16994 11523 253 
16761 13379 192 
16557 15976 128 
16382 17390 103 
16260 20360 064 
16145 

16037 

15973 

15869 


rrection Table for Altimeter Calibration Standard 
United States. 


above 10°C added 
— the values are to be 


below 10°C subtracted 
Isothermal Altitude 
10000 15000 20000 25000 30000 35000 40000 
0 0 0 0 0 0 0 
40 50 70 90 110 
70 110 140 180 210 
110 160 210 270 320 
140 210 280 350 420 
180 270 350 440 530 
350 530 710 880 1060 1240 1410 
530 800 1060 1330 1590 1850 2120 
710 1060 1410 1770 2120 2470 2830 
880 1330 1770 2210 2650 3090 3530 
1060 1590 2120 2650 3180 3710 4240 
1240 1860 2470 3090 3710 4330 4950 


BY, Aa 4950 | 5660 
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TABLE 13. Altimeter Calibration Standard—U nited States 


























1 2 3 | 1 2 3 
Altitude Pressure | Pressure Altitude Milli- Inches 
1000 ft. Millimeters | Inches || 1000 ft. meters of 

of Hg of Hg of Hg Hg 

0 | 759.6 | 29.90 30 253.2 9.97 

1 | 732.4 28.83 || 31 244.2 9.61 

2 | 706.0 27.79 | 32 235.4 9.27 

3 | 680.6 | 26.79 33 227.0 8.94 

4 | 656.2 | 25.83 || 34 218.8 8.61 

5 | 632.6 | 24.90 35 211.0 8.30 

6 | 609.8 | 24.00 || 36 203.4 8.01 

7 | 587.8 | 23.14 | 37 196.0 7.72 

8 566.8 | 22.31 |] 38 199.0 | 7.44 

9 546.4 | 2st | 39 182.2 7.17 

10 526.8 20.73 || 40 175.6 | 6.91 
11 507.8 19.99 | 

12 | 4896 | 19.27 | 

13 | 472.0 | 18.58 

14 } 4550 | 17.91 | 

15 438.6 | 17.27 

16 | 422.8 16.65 | | 
17 | 407 .6 16.05 Temperature:The temperature is +10°C at 
18 393.0 | 15.47 all altitudes. 

19 378.8 | 14.91 | 

20 | 365.2 | 1438 |] 

21 | 352.2 | 13.86 || 

22 | 339.4 | 13.36 | 

23 327.2 12.88 | | 
24 | 315.4 12.42 | 
25 | 304.2 11.98 
26 | 293.2 | 54 | 

27 |} 282.6 | 11.13 | 

28 / 272.4 | 10.73 | 

29 | 2628 | 10.34 | 

Note: For temperature correction table see page 771. 
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ALTITUDE OF AIRCRAFT 


TABLE 14. Altimeter Calibration Standard—British 
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1 2 3 
Altitude Pressure Pressure 
1000 ft. in Hg mm Hg 

0 29.90 759.5 

1 28.82 732.0 

2 27.78 705 .6 

3 26.77 680.0 

4 25.81 655 .6 

5 24.88 631.9 

6 23.98 609.1 

7 23.11 587.0 

8 22.27 565.7 

9 21.47 545.3 

| 

10 20.69 525.5 

11 19.95 506.7 

12 19.23 488.4 

13 18.53 470.7 

14 17 .86 453.6 

15 7.22 437.4 

16 16.61 421.9 

17 16.00 406.4 

18 15.42 391.7 

19 14.86 377.4 

20 | 14.33 364.0 

21 13.80 350.5 

22 | 13.31 338.1 

23 12.83 325.9 

24 12.36 313.9 

25 11.92 302.8 

26 11.49 291.9 

27 11.07 281.2 

28 10.67 271.0 

29 10.29 261.4 

30 9.93 252.2 





Temperature: 


The temperature is +10°C at all altitudes. 
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TABLE 15. Altigraph Calibration Standard 
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Altitude 
Km 
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for 


Richard Barographs (French) 


? 


Pressure 


TABLE 16. Aircraft Performance Standard—German 





1 


Altitude 
in km 


PaB_e 17. 


1 2 


Pressure 
mm Hg 


Altitude 
m 

0 
500 
1000 
1500 
2000 
2500 
3000 
3500 
4000 
4500 


762 


0 


5000 
5500 
6000 
6500 
7000 
7500 
8000 


BuREAU OF STANDARDS, 
WaAsHINGTON, D. C. 


2 3 


Pressure Temperature 


mm Hg ( 


762 


595 


Altimeter Calibration Standard—German 


3 4 
Density 


kg/m* 


Temperature 


1.250 
1.188 
1.127 
1.069 
1.013 
960 
910 
862 
815 
770 
729 
689 
651 
614 
579 
546 


515 


0 
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The Present Status of Visual Science.—By L. T. Troland. 120 
pages. Bulletin Number 27 of the National Research Council, 
Dec. 1922. Price $1.50. Address the Publication Office, National 
Research Council, Washington, D. C. 

This monograph was prepared by Dr. Troland, at the request of 
the Committee on Physiological Optics of the Division of Physical 
Sciences of the National Research Council, in order to present a general 
impression, or “birds-eye view’ of present day visual science, its 
actual achievements and failures, rather than to give a complete 
account of established facts or outstanding problems. In the words 
of the author, “‘Any one of the topics which we have dismissed with a 
sentence could readily be expanded to the dimensions of the entire 
monograph.” Nevertheless, with the classified bibliography of 268 
references to original articles and books, many of which are discussed 
in the text, the student of visual science, whether physicist, physiologist 
or psychologist, will find this monograph a most excellent starting 
point for research and study. 

The Bulletin is divided into five chapters. The first, ““The Position 
of Visual Optics among the Sciences,”’ gives a brief historical summary 
of research in and theories of vision, followed by a discussion of the 
complexities of visual science in that it depends on the three con- 
tributory sciences of Physics, Physiology, and Psychology. In Chapter 
ii, ““The Fundamental Conceptions and Methods of Visual Science,” 
the author points out that there are two non-overlapping and mutually 
exclusive groups of facts involved, the one group physical (including 
physiological) and the other psychological. The methods of research 
and requirements of theories with respect to each group are discussed. 

Chapter iii discusses nomenclature and systems of colors and the 
visual field and visual space. 

Chapters iv and v are devoted respectively to ‘The Mechanism of 
Visual Response” and “Problems of Visual Psycho-physiology.” In 
turn there is discussed visual objects and stimuli, the dioptric and allied 
processes of the eye, retinal stimulation, brilliance vision, form vision, 
chromatic vision and motion vision. Section 18 of Chapter v discusses 
briefly, perhaps too briefly, the time factor in visual sensations, although 
here, as elsewhere, the references given make it possible for the reader 
to pursue the subject further if he wishes. 

The spirit of the monograph and the appeal which it makes are 
perhaps best shown by quoting, verbatim, the closing sentence: “Let us, 
then, attack these classical and these modern problems of vision with 
renewed vigor and intelligence, so that the light of knowledge may 
penetrate the darkest depths of the very process upon which our 
knowledge of light—and so of nearly all of the world outside us—itself 
depends.” 


F. K. RIcHTMYER 
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The Elements of Applied Physics. Alpheus W. Smith, Ph.D., Pro- 
fessor of Physics, Ohio State University. 14+483 pages. . The 
McGraw-Hill Book Company, Inc., 370 Seventh Ave., New York. 
Price $3.00. 

This text is written to meet the needs of “students who are primarily 
interested in the practical applications of physics. The training and 
habits of thought of such students have been clearly kept in mind 
and the aim has been to make the book include those topics which 
these students can thoroughly assimilate.” From the standpoint 
of the teacher, however, the title of the book is likely to be misleading. 
For the subject is developed in much the same way and contains much 
the same material as is found in any of the current “Elements of 
Physics” used in beginning courses in college. 

In two particulars, however, the book differs from most of its con- 
temporaries, and in these not so much in kind as in degree: (1) Follow- 
ing the statement of each fundamental definition, law, or derived 
equation is a worked-out example which purposes to make clear to 
the student the exact meaning of the terms or symbols employed; and 
(2) more than in many Physics texts, applications, taken particularly 
from Agriculture and Engineering, are emphasized, especially in the 
numerous problems which follow each section. For example: ‘How 
many hours will a 50 horsepower gasoline engine, with an efficiency of 
20 per cent run on 8 gallons of gasoline?” It is this latter feature which, 
apparently, the author had in mind when he used the word “‘Applied”’ 
in the title. Perhaps the title is justified, from the standpoint of the 
psychology of the student in the professional college, who is required 
to take Physics. For if he thinks he is studying Applied Physics, 
rather than just Physics, he may approach the subject eagerly, rather 
than reluctantly. And certainly the student in the non-technical 
college, who is studying Physics for its informational value, should 
know of the numerous applications. 

Professor Smith’s endeavors, therefore, to present the subject both 
in its scientific and its technical aspects will be much appreciated by 
his colleagues in other universities. 

F. K. RICHTMYER 
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OPTICAL SOCIETY OF AMERICA 


TREASURER’S REPORT 


For THE FiscaL YEAR From Decemser 1, 1921 To NovemBer 30, 


RECEIPTS 
Cash on Hand December 1, 1921 
Dues in Arrears 
Dues for 1922.... 
Life Membership Dues 
Dues in Advance 
Journal Subscriptions from Non members 
Sale of Journals Back Numbers 
Sale of Reprints 
Accounts Receivable Sale of Reprints 
Donations 
Interest on Bank Balances 
Helmholtz Translation Fund (Contra 
Incidentals 


DisBURSEMENTS 
Printing and Stationery 
Postage and Incidentals 
Clerical Salaries 
\ssociation of Scientific Apparatus Makers of United States—Contract 
Helmholtz Translation Fund (Contra 
Translation Rights. . . 
Dues Refunded 
Cash On Hand November 30, 1922 


I certify that the above report is 
correct to the best of my knowledge and belief. 
(Signed) Apotex Los, 

Treasurer. 


1922 


$ 3,730.61 
655.00 
1,135.00 
50.00 
30.00 
36.25 
140.10 
193.13 
211.50 
3,000.00 
165.22 
1,053.00 
30.05 


$10,429.86 


~ 


aN 


) 
35. 
2,500. 
1,053.00 
200.00 
10.00 
5,961.63 


$10,429.86 


j 

5 
3 
5 


mn 


Rochester, New York, 
April 12, 1923. 


Mr. Adolph Lomb, Treasurer, 
Optical Society of America, 
Rochester, New York. 

Dear Sir: 


In accordance with your request, we have audited the books of the Optical Society of 


America for the year ending November 30, 1922. 


We hereby certify that the above report of Cash Receipts and Disbursements is a true 


statement for the fiscal year from December 1, 1921 to November 30, 1922. 


Respectfully submitted, 
Naramore, Niles & Co. 


Auditors. 
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OPTICAL SOCIETY OF AMERICA 


FINANCIAL REPORT OF THE JOURNAL OF THE OPTICAL SOCIETY OF 
AMERICA AND REVIEW OF SCIENTIFIC INSTRUMENTS 


FoR THE PERIOD JANUARY 1, 1922, To Marcu 31, 1923, INCLUSIVE 


RECEIPTS 
To apply on Contract of the Optical Society 
Subscribers on books prior to Feb. 15, 1922 . $ 361.60 
Sale of back numbers of Vols. I-V 846.35 
Advertising collected for Optical Society 910.00 
Payments from Treasurer of the Optical Soc 3,447.05 


Total. . - 
To apply on Contract of the Association of Scientific 
Apparatus Makers of the United States of 
America 
Advertising 7,663.00 
Miscellaneous Receipts 
Subscriptions since February 15, 1922 $1,010.51 
Sale of back numbers of Vols. VI and VII 83.25 
National Research Council. . . ; 2,500.00 
Sundry Items aaa 17.35 


: . $ 3,611.11 


i ree oe ae ’ $16,839.11 


DISBURSEMENTS 
Printer... .. wT eA oe $8,637.59 
Salaries... ; a é 4,204.22 
Supplies... .... oe 560.71 


Miscellaneous (postage, advertising, etc.) ; 1,012.49 


_ Sa ; mene ee - : $14,415.01 

Cash on hand ; Renee accuse ‘ee 2,424.10 

Grand Total..... es nara $16,839.11 

The above is a correct statement of accounts to the best of my knowledge and belief. 
(Signed) F. K. Richtmyer—Business Manager. 


We, the undersigned, duly appointed to audit the accounts of the Journal of the Optical 
Society of America and Review of Scientific Instruments, as at the close of business, March 
31, 1923, hereby certify that we have examined the statement of receipts and disbursements, 
the vouchers, check book, and bank book and find them to agree with each other. We 
therefore certify that the above statement is a true statement of the accounts of the Journal 
of the Optical Society of America and Review of Scientific Instruments as of March 31, 1923. 

(Signed) Cuaries C. BIpwELt 
Casper L. COTTRELL 
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